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Irradiation of shrub willow (Salix spp.) has been studied for the production of ethanol. 
This study investigated the effects of total radiation dose and dose rate (50 kGy/second, 0.1 
kGy/second, or 0.695 kGy/hour) on the degradation of a willow clone mixture containing bark. 
Thermogravimetric analysis suggested a decrease in polymerization and crystallization of 
cellulose with increasing dose for all three dose rates, but glucose production during enzymatic 
hydrolysis remained fairly constant with dose because of lignin and polyphenolics, two known 
cellulase enzyme inhibitors, in bark. Hemicellulase enzymes were unaffected by bark, and 
increasing amounts of xylose were produced with increasing dose. Ethanol production by yeast 
(Saccharomyces cerevisiae) in a simultaneous saccharification and fermentation study were 
constant with dose except for higher doses available for the lowest dose rate. Overall, dose rate 
appears to have some effect on willow degradation, but the differences observed were minor. 
 
Keywords: Willow, biofuel, dose, dose rate, enzymatic hydrolysis, simultaneous saccharification 
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Demand for Renewable Fuel Sources 
 
The demand for renewable, non-fossil based fuel has greatly increased in recent years in 
the United States for environmental, economic, and energy security reasons 1,2. Federal policies 
have catalyzed this demand for renewable, beginning with the Energy Independence and 
Security Act of 2007, which requires 36 billion gallons of petroleum based fuels to be replaced 
by renewable fuels by the year 2022 2,3. The primary focus for achieving this goal within the 
United States has been on ethanol made from the fermentation of glucose produced from corn 1. 
This is referred to as the first generation of biofuels and they are typically processed in first 
generation biorefineries. However, since as corn is grown on valuable agricultural land, a food 
vs. fuel debate has raised questions regarding the use of corn as the primary renewable fuel 
source. One concern is that more agricultural land will be needed to meet the 2022 goal if 
biofuels derived from corn are used 2, 4. In addition, there are environmental concerns over the 
growing practices of corn, which require high petroleum, fertilizer, and pesticide inputs that cast 
doubt on the net-energy balance of corn-based ethanol 5. Such environmental debates have led to 
an investigation of alternative biomass-based fuel sources, with lignocellulosic biomass standing 
out as one of the most promising options 4. As an added bonus, lignocellulosic biomass is not 
part of the food industry and, as such, resolves the food vs. fuel debate. Additionally, some 
lignocellulosic biomass can be grown on marginal lands, rather than valuable agricultural land, 
further separating itself from competing with the food industry 6. Lignocellulosic biomass is 




Willow (Salix spp.) as a Fuel Source 
 
Figure 1. 1: The structure and association of cellulose, hemicellulose, and lignin within 
lignocellulosic biomass in a 2D image (A) (Tissot, C. et al. 2013) 5 and a 3D graphic (B) (Foston, 
M., Ragauskas, A. 2012) 7.  
 
Lignocellulosic biomass refers to plant biomass that is composed of cellulose, 
hemicellulose, and lignin which are physically and chemically linked together (Figure 1.1) 4. One 
example of lignocellulosic biomass is shrub willow, which is already an established plantation 
grown energy crop in Europe, and whose cultivation and harvesting are improving in the United 
States (US) 8. Shrub willow, together with other short rotation energy plants, is predicted by the 
Department of Energy to be able to provide 20-25% of energy crops used for biofuel production 
in the US 9. Willow is of particular interest due to its fast growth, ease of cultivation and 
harvesting, ability to grow on a variety of marginal lands, limited need for pesticides, potential in 
bioremediation applications, and especially its high net energy ratio 6. Willow is not considered 
to need high energy or chemical inputs to aid in its growth and is expected to produce high 
biomass yields. This is referred to as its high net energy ratio, which is estimated to be between 
A B 
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10-13 10,11. In comparison, the estimates for the net energy ratio of corn-based ethanol range 
from a negative net energy ratio of 0.71-0.77 10,12  to a positive net energy ratio of 1.26-2.23, 
depending on land practices 12,13. In 1994, a breeding program for willow began in New York 
State in order to improve willow’s biomass yields and ability to grow on marginal lands 8. As of 
2009 the biomass yield produced from shrub willow was improved by up to 40% from the 
reference case 8. The same research group examined the genetic diversity of shrub willow, which 
allowed the plant to grow on a range of environmental and site conditions in the US, including 
marginal and idle agricultural land, arid land, and salty soils. A test site of willow grown on salty 
soil showed that willow grown on poorer quality land could produce the same physical quantity 
of biomass as those shrubs grown on higher quality mineral soil, and that the quality, or 
composition, of the biomass produced was the same 6. These willow varieties are also considered 
pest and disease resistant reducing their need for pesticides, herbicides, and other human inputs 
that can lower a feedstock’s net energy ratio 6, 8. Added environmental benefits of shrub willow 
are that it can be used for bioremediation of cultivated lands, can improve water quality, and can 
prevent soil erosion. Shrub willow can also benefit farmers when planted as living fences, 
embankment stabilization, riparian buffers, or as a pollinator habitat. In addition, it has been 
determined that the shrub willow quantity, quality, and moisture content varies very little from 
site to site, ensuring a consistent feedstock product that is independent of the quality and area of 
growth 6.  
 
Recalcitrance: Introduction 
As has been noted above, shrub willow has many qualities suggesting it has immense 
potential to be a valuable renewable fuel feedstock. The only current hindrance in using not just 
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willow, but all lignocellulosic biomass, for renewable fuel is the high energy required to break 
down cellulose into its fermentable sugars, primarily glucose. Biofuels are made from the yeast 
fermentation of sugars to ethanol. These fermentable sugars come from the chemical or 
enzymatic breakdown, known as hydrolysis, of the polymeric sugars known as polysaccharides 
present in plant material into the individual, or monomeric, sugars 1. The primary polysaccharide 
present in food stocks, like corn, is starch an α (1 à 4) linked, branched glucan. Starch, which is 	
partially water soluble, is easily accessible within the plant to chemical or biological hydrolysis 
reagents that can break it down into its fermentable sugar components, primarily, D-glucose 1. In 
the case of lignocellulosic biomass, cellulose rather than starch, is the primary polymer source 
for the fermentable sugars. Unlike starch, cellulose, b (1 à 4) linked glucan, is crystalline and 
water insoluble in nature which makes it resistant to breakdown both chemically and biologically 
1. Additionally, cellulose is physically associated with hemicellulose and lignin making it more 
resistant to breakdown by decreasing its accessibility to potential hydrolysis or depolymerization 
reagents. The chemical and physical nature of these three components and the way in which they 
are associated with one other, particularly within wood, can provide stability of the plant material 
to chemical, physical, and biological (microbial and enzymatic) degradation. This resilient nature 
of the lignocellulosic biomass from chemical, physical, and biological deconstruction is referred 
to as “recalcitrance”. Recalcitrance can be vital for the survival of the lignocellulosic organism 
as it can prevent damage to the plant from many harmful factors such as physical stresses on the 
plant and biological degradation agents such as fungi or bacteria. Recalcitrance can also prevent 
damaging reactions from free radicals found in nature or oxidation from ozone. Specific 
elements of lignocellulosic biomass that contribute to recalcitrance are: 1) the crystallinity of 
cellulose, 2) supramolecular structural assemblies of cellulose called microfibrils, 3) the presence 
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of hemicelluloses and lignin and the heteropolymer matrix which surrounds cellulose 
microfibrils, 4) accessibility of cellulose to hydrolysis reagents controlled by porosity and 
surface area, and 5) the degree of polymerization 1, 14. Since the purpose of biorefineries is to 
break down biomass feedstocks into ethanol precursors, the recalcitrant nature of lignocellulosic 
biomass can become a hindrance within biorefineries. In fact, the recalcitrant nature of 
lignocellulosic biomass is considered the biggest hurdle energetically and economically to using 
second generation biomass feedstocks for renewable fuel sources compared to the alternatives. 
 
Structure of Cellulose 
One of the most prominent causes of recalcitrance within lignocellulosic biomass is 
cellulose itself. Cellulose, one of the three main components of wood, is made up of the sugar 
glucose. The glucose (Figure 1.2) units are linked together via a glycosidic bond (Figure 1.3) 
known as a b (1 à 4) linkage 15–17. The anomeric hydroxyl group, or the hydroxyl group on 
carbon 1 of the glucopyranose ring, forms a glycosidic bond with the hydroxyl group attached to 
carbon 4 on the successive glucopyranose unit. The anomeric hydroxyl group is within the same 
plane as the glucopyranose ring, in the equatorial or b conformation, hence the b in the b (1 à 4) 
bond nomenclature. As can be seen Figure 1.3, successive b-D-glucopyranose units are rotated at 
a 180o angle from each other to allow intra-chain hydrogen bonding; this rotation contributes to 
the two-fold screw axis seen in cellulose 15,17. Due to the 180o rotation of the b-D-glucopyranose 
rings, the building block of cellulose is not considered b-D-glucopyranose but instead cellobiose, 
or two b-D-glucopyranose units (Figure 1.3) 15. Within the cellulose polymer, the anomeric 
hydroxyl group is locked into the b conformation, forcing the anomeric hydrogen to be in the α 
conformation. However, the reducing end, which has a free anomeric hydroxyl group, can 
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undergo mutarotation in solution causing the glucopyranose ring to open and close. When 
closing, the anomeric groups can alternate between their α and b conformations. The α/b ratio, or 
the ratio of time the anomeric hydrogen is in the α vs. b conformation, in various solutions has 
been found for several common sugars 18.  
 
 
Figure 1. 2: Structure of b-D-glucopyranose. The carbons are numbered 1 through 6 and the 
anomeric hydroxyl group is shown in red and depicted in the b, or equatorial, position 
(Bujanovic, B. 2018) 19.  
 
 
Figure 1. 3: Structure of cellobiose with the b (1 à 4) bond shown based on the carbon 
numbering from Figure 1.2 (Bujanovic B. 2018) 19.  
 
Cellulose can have both amorphous (unordered) regions and crystalline (highly ordered) 
regions of the chains 16. The crystalline regions of cellulose are stabilized by intra- and inter-
molecular hydrogen bonds between the cellulose chains, with different hydrogen bonding 
patterns leading to different crystalline structures of the polymer. Native cellulose found in wood 
exists in the so-called Cellulose I polymorph in which all chains are parallel 20. The crystallinity 
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of cellulose adds recalcitrance to the lignocellulosic biomass, due to the inhibitory effect of the 
highly ordered region on the diffusion of biological reagents that break down cellulose, such as 
fungi or cellulase enzymes. Additionally, native cellulose is a high molecular weight polymer 
and the total length or degree of polymerization can have an effect on the cellulose’s overall 
recalcitrance, as many of the agents that degrade cellulose tend to affect the ends of the polymer 
more readily than within the chain 21,22.  
 
Ultrastructure of Lignocellulosic Biomass 
The cellulose polymer in higher order plants, including shrub willow, is made by 
cellulase synthase enzymes, which are arranged in groups called terminal complexes. Terminal 
complexes can vary greatly among cellulose producing species in both the number of cellulase 
synthase enzymes present and in the arrangement of the enzymes. In the case of trees such as 
willow, the terminal complex is referred to as the cellulase synthase complex and is in the shape 
of a rosette (or circular configuration) of 36 individual enzymes (Figure 1.4) 15–17. As the 
cellulose is biosynthesized within willow, 36 individual cellulose chains are produced in a rosette 
and extruded from the terminal complex into the growing cell wall. These individual cellulose 
chains can associate with each other via Van der Waals forces and hydrogen bonds and form 
bundles of cellulose chains known as microfibrils 15,16. These microfibers of cellulose are then 
associated with, or ‘covered’ by hemicelluloses, which in turn are bound with lignin, creating an 
ultrastructure known as macrofibers. The hemicellulose and lignin can form chemical bonds with 
the cellulose and with each other 21,23–25. These macrofibers are essentially ‘sandwiches’ of 
lignin, hemicellulose, and cellulose (Figure 1.1). These so called ‘sandwiches’ are collectively 
 9 
referred to as the “ultrastructure” of wood and the bonds between the three components are 
referred to as the lignin carbohydrate complex (LCC). 
 Increasing the binding within the LCC adds to the recalcitrance to the biomass. The 
cross-linking of ferulic acid and xylan chains, the most common group of hemicelluloses in 
willow that are made predominantly of xylose sugars 23, is also considered to increase the 
biomass’ resistance to pathogens. This is due to several factors: creation of a barrier at the point 
of pathogen invasion, restriction of access to the more easily cleaved glycosidic bonds, formation 
of a difficult to break carbon-carbon bond 26. The LCC bonds are believed to restrict access and 
provide a protective barrier to cellulose from cellulase enzymes, or other degradation agents. The 
extent of the LCC and the porosity in these protective sheaths can restrict not only what is able to 
physically get past the lignin and hemicellulose to access the cellulose, but also how much is 




Figure 1. 4: The arrangement of the cellulose synthase complex within trees, known as rosettes, 
is shown in addition to how this structure relates to cellulose microfibril (Bujanovic, B. 2018) 19. 
 
Pretreatments 
Due to both the nature of cellulose and the presence of hemicellulose and lignin within 
lignocellulosic biomass, a pretreatment method is needed to free up the cellulose, allowing better 
accessibility of the hydrolysis reagents, and also to disrupt the crystallinity of the cellulose itself 
1,4,5. This pretreatment step can greatly increase the sugar yields produced during the hydrolysis 
step 1, but it can be rather energetically and economically costly 2. In some cases, additional 
chemicals are added that later require removal and/or create environmental wastes or emissions. 
In fact, this pretreatment step is considered the most expensive part of the cellulose biofuel 
process. It is often considered the inhibiting step in making lignocellulosic biomass biofuels in 
some cases economically feasible, or at the very least competitive with starch based biofuels 
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from corn 1,2,4,5. However, research into energetically and economically competitive pretreatment 
techniques is growing. There is immense potential for pretreatment methods to not only decrease 
the cost, but also increase the effectiveness of the hydrolysis, increasing the sugar yield and, 
thus, ethanol production. If this last hurdle is overcome, lignocellulosic biomass could be a very 
effective biofuel feedstock.  
 
Figure 1. 5: Depiction of the ultrastructure of lignocellulosic biomass showing how cellulose, 
hemicellulose, and lignin bind together in the lignin carbohydrate complex (LCC). Also depicted 
is the goal of pretreatment; to break apart the LCC and to reduce recalcitrance for ease of 
secondary treatment of biomass (Tissot, C. et al. 2013) 5. 
 
The goal of pretreatment within biorefineries is to increase the sugar yields produced 
during the hydrolysis step 1, but it can be rather energetically and economically costly as 
discussed above 2. A goal of pretreatments for lignocellulosic biomass within second generation 
biorefineries is to reduce the overall recalcitrance of the biomass. This in turn, can increase the 
glucose yields, by reducing the energy required for hydrolysis or by increasing the effectiveness 
of glucose producing factors. The primary means to increase the sugar yield is to improve the 
activity of chemical regents and/or enzymes on the feedstock substrates. This can be 
accomplished by: 
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1) decreasing the cellulose crystallinity, 
2) increasing the accessibility of cellulose to hydrolysis by  
A) disrupting the lignin matrix and lignin-polysaccharide bonds and,  
B) increasing porosity and surface area, and 
3) decreasing the chain length, or degree of polymerization, of cellulose and 
hemicellulose (Figure 1.5) 27.   
 
An ideal pretreatment method would not only accomplish the above objectives but also 
would not produce any by-products or fermentation inhibitors that decrease the final amount of 
ethanol produced, while also lowering the total cost of ethanol production.  
Current pretreatment methods are separated into three categories, physical, chemical, and 
biological, though some pretreatment methods can incorporate multiple effects. Physical 
pretreatment methods include reduction of biomass size via mechanical processes, steam 
explosion, and hydrothermolysis 1. A common mechanical process is ball milling, which 
physically grinds up the biomass into powder. Hot water extractions, known as hydrothermolysis 
are performed under high temperatures and release O-acetyl and glucuronic acid groups from 
hemicelluloses, which can acidify the water and cause hemicellulose bonds to hydrolyze 14. 
Steam explosion uses a similar mechanism as hot water extractions. Within steam explosion, the 
biomass is heated to a high temperature in pressurized steam followed by an explosive 
decompression. This process uses the release of acid groups from hemicellulose to hydrolyze the 
hemicellulose bonds, although both these processes can create known fermentation inhibitors 
such as furfural and hydroxymethyl furfural 14. 
 13 
 Some chemical pretreatment methods include acid or alkali conditions with the goal of 
removing hemicelluloses or lignin to improve the glucose yield from cellulose. Acidic 
pretreatment methods, such as the use of sulfuric acid, hydrolyze amorphous cellulose and 
hemicelluloses into sugars. Higher acid concentrations are able disrupt the hydrogen bonding 
within crystalline regions of cellulose allowing for the hydrolysis of these crystalline regions 28. 
However, some fermentation inhibitors can be created under acidic conditions. Alkali 
pretreatment methods, such as the use of NaOH, focus on the delignification of the biomass.  
Organic solvents, known as organosolv pretreatments, are another category of chemical 
pretreatment methods that aim to separate the various components of lignocellulosic biomass and 
disrupt the cellulose crystallinity 14. Due to the high diversity of organic solvents available, a 
wide range of effects and degree of separation are possible under organosolv pretreatment 
methods. This allows the biorefinery to optimize the conditions to fit their feedstocks and needs. 
Some common ogranosolv solvents are ethylene glycol, glycerol, and water:ethanol or 
water:acetone mixtures 1,23,29. However, organosolv pretreatment methods can be very costly 
since the solvent must be recycled, and can pose health or environmental safety risks. In 
addition, there is the possibility of creating fermentation inhibitors using organolv pretreatment 
methods. Due to the use of high temperatures, pressure, and chemical solvents from traditional 
pretreatment methods, as well as high operating costs and energy demands, plus the possibility of 
creating harmful waste or fermentation inhibitors other pretreatment methods are being explored. 
One promising new pretreatment method is the use of electron beam irradiation.  
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Electron Beam Irradiation 
Electron beam irradiation is one of the economically competitive pretreatment techniques 
currently being investigated 5. High current electron beams (EB) are presently used in a variety 
of industries as an alternative to gamma irradiation, and it is estimated that there are over 1400 
EB units in commercial use worldwide. EBs are used for numerous industrial processes, 
including polymerization of products such as urethane polyester, cross-linking polyethylene 
water pipes, grafting to modify the surfaces of various plastics, food irradiation to kill 
microorganisms and delay ripening, medical device sterilization, treatment of municipal waste 
and air pollution, and even the degradation of polymers 30,31. These instruments generate an 
electron beam, or curtain of cascading electrons, that a sample can be passed under 30. Polymers 
can be formed through a free radical mechanism. Irradiating these polymers can reverse this 
mechanism via a chain bond cleavage mechanism instead 5,27,32. Though crosslinking and 
grafting of the polymers can still occur, the predominate effect after irradiation for 
polysaccharides is a chain scission. Initial research has shown that the use of electron beam 
irradiation (EBI) can modify or cause structural changes within polymers, such as degree of 
polymerization, degree of crystallinity, and pore diameter which, in turn, can alter the properties 
of the polymer 32,33,34,35. Gamma irradiation works similarly to EBI, except the energy from 
gamma rays, which behave like photons rather than a cascade of electrons, generate the free 
radicals that cause scission within the polymer 36,37. The energy released from gamma irradiation 
can cause either Compton scattering or the photoelectric effect to occur within the irradiated 
sample; this allows gamma irradiation to have a deeper penetration depth than EB’s. Thus, 
gamma irradiation is able to irradiate thicker samples than EBs 36,38.  
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Irradiation of cellulose has been shown to create trapped radicals on a strained structure 
that ultimately leads to a chain scission reaction 5. These radicals preferentially form as terminal 
radicals on C1 and C4 in the glucopyranose ring (Figure 1.2). The eventual decomposition of 
these unstable free radicals results in the scission of the polymer at the glycosidic bond or the 
cleavage of the glucopyranose ring itself 5. The amount of these radicals formed was found to be 
independent of the degree of polymerization of the cellulose and independent of whether the 
irradiation was performed in air, under a vacuum, or under inert gas. The lack of an air effect on 
irradiation is believed to be due to the tight crystalline packing of regions of the cellulose 
polymer, which prevent oxygen diffusion to reactive sites 5.   
EBI has been seen as a favorable biorefinery pretreatment method for lignocellulosic 
biomass since it is an environmentally friendly method that does not require the use of any 
chemicals and, thus, produces no chemical waste 3,5,32,39. In fact, the effect of EBI had on wood 
was shown to increase when the wood was irradiated in air rather than solution 40. The lack of 
chemical treatments also reduces subsequent side reactions that can lead to harmful products or 
fermentation inhibitors 32. EBI is also considered to be more energetically efficient than some 
pretreatment methods due to the lack of heating or pressurization, both of which can require high 
levels of energy to maintain. For example, some pretreatments disperse 20% by weight of dry 
biomass in 80% water and this dispersion is heated to over 150oC in high pressure vessels which 
is energetically costly. Additionally, the development of the open-air, dry sample irradiation 
method reduces the need to control other physical properties of the pretreatment method, such as 
pH, that can lead to higher energy or chemical demands. The lack of chemical solvents and waste 
removal, as well as the lower energy required to run the EBI pretreatment, contribute to the 
predicted lower operating cost for EBI over other traditional pretreatment methods. An important 
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measurement for irradiation is the “dose” or the amount of ionizing energy absorbed per mass of 
material. The unit of dose is “Gray” (Gy) which is equal to a Joule of energy per kilogram of 
material (J/kg). This study looks at doses in the kilogray (kGy) range, which can either be 
kilojoules of energy per kilogram of material (kJ/kg) or joules of energy per gram of material 
(J/g).  
 
Degree of Polymerization 
The degree of polymerization of isolated cellulose was shown by numerous studies to 
decrease as the EBI dose increased 5,35,41. The typical degree of polymerization of cellulose 
within hardwoods is ~10,000, though typical industrial cellulose pulps have degrees of 
polymerization closer to ~700-1,000 19. One group was even able to confirm a link between the 
creation of free radicals from EBI and a decrease in degree of polymerization (Figure 1.6) 35. 
This link supports the hypothesis that EBI works primarily by cleaving the glycosidic bond 
through free radical rearrangements. This same group also found that the number of radicals 
produced is initially a rapid linear increase with increasing irradiation dose until about 50 kGy, at 
which point the rate of radical formation begins to level off (Figure 1.6). Though the effects of 
EBI did still continue to increase with increasing dose, the rates of reaction or amounts of change 
for degrees of polymerization and crystallization were seen to decrease and exhibit plateau-like 
behavior between 100-150 kGy 33,35. This behavior correlates with the trend seen in the 
concentration of radicals produced, which increases sharply until about 150 kGy where it 
plateaus. Additionally, the lifetime of the radicals produced within pure cellulose samples reach 




Figure 1. 6: Dose dependence of degree of polymerization (a) and free radical concentration (b) 
for Kraft cellulose pulp after EBI (Iller, E. 2002) 35. 
 
Crystallinity of Cellulose after EBI 
Studies have found that the degree of crystallinity of cellulose decreases as EBI dose 
increases, with portions of the crystalline region being converted to amorphous regions 39. 
However, the depolymerization of amorphous regions is believed to be more likely. The 
percentage of amorphous cellulose has also been shown to increase as the total dose increases 33, 
supporting the idea that the cellulose crystallinity itself decreases. It is expected that the decrease 
in cellulose crystallinity, which is determined by very specific inter- and intra- molecular 
hydrogen bonds, is caused by the free radicals disrupting this hydrogen bonding network 33.  
Experiments were performed on pure cellulose to determine the mechanism for converting the 
crystalline regions into amorphous regions, and three active radical sites were theorized 35. It was 
shown that there are reactive sites on the surface of the cellulose polymer that are susceptible to 
radical transformations in the cellulose structure. The amorphous regions, or other less rigid 
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domains, are expected to be available for radical reactions as well. Lastly, within the more rigid 
domains, or crystalline regions, free radicals are actually expected to be stabilized and trapped or 
held for a prolonged period of time. One study even suggested that the free radicals could remain 
within the crystalline region of cellulose for days if stored at room temperature 35 and, thus, an 
EB dose rate dependence might be expected as discussed later.  
Biomass Composition after EBI 
Other standard pretreatment methods, such as hot water extraction and acid or alkali 
presoaking, were performed on EBI lignocellulosic biomass samples to determine the effect on 
the different components of the biomass (Table 1.1). In multiple studies it was observed that the 
concentration of extractives after EBI increased and the amount of residual hemicellulose 
decreased significantly with increasing dose 39. Extractives, small molecular weight compounds 
that are soluble in organic solvents or water, are naturally present within lignocellulosic biomass. 
However, the extractives found after EBI are distinct from these naturally occurring extractives 
and are believed to come from the free radical induced bond cleavage and depolymerization of 
other components, such as hemicellulose. Additionally, EBI may disrupt bonding between 
components, which could further result in the release of trapped extractives 39. The cellulose and 
lignin components of the lignocellulosic biomass were less affected by the EBI 39. 
Hemicelluloses are believed to be the more sensitive of the three main components of 
lignocellulosic biomass to EBI, as this is the case for other pretreatment methods. Lignin is 
believed to be more resilient to EBI, since one of the useful effects of lignin in nature is to 
scavenge and quench free radicals produced naturally to protect cellulose from degradation 42,43. 
Due to both the increase in extractive removal and decrease in hemicellulose the overall percent 
of mass lost has been shown to increase with increasing irradiation dose 39. The increased 
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porosity and cell wall destruction following EBI may also account for some this increase in 
extractives and percent mass loss. Though cellulose and lignin are more resistant to EBI, high 
irradiation doses (~1000 kGy) have been shown to begin to affect them. The same investigators 
also looked at the effect of EBI on cellulose and lignin if the more susceptible hemicelluloses 
were removed prior to EBI. They found that EBI did indeed have a larger impact on the two 
polymers, suggesting that hemicelluloses may protect the two polymers to some degree from the 
effects of EBI 39.  
Table 1. 1: Biomass composition of EBI exposed water (W), alkali (B), or acid (A) pre-soaked 
samples exposed to control (C), 75 kGy, or 150 kGy irradiation doses performed by Taherzadeh, 
M. and Karimi, K. 39. The biomass was a mixture of three grass species hybrids (G). For 
example, the mixture of grass species exposed to water for the control irradiation dose is referred 
to as GWC within the table. Extractives and lignin were extracted in ethanol/water. 
 
By-products and Fermentation Inhibitors 
The ultimate goal of pretreatment of lignocellulosic biomass in the production of biofuels 
is to increase the yield of sugars from the degradation of cellulose. The degradation of cellulose 
can be done biologically or chemically, though the most commonly used procedure performed is 
a biological process known as enzymatic hydrolysis, which will be discussed in more detail in 
Chapter 4. The three biggest disadvantages of other pretreatment methods currently are: 1) the 
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high energy usage which ultimately reduces the net energy balance of the renewable fuel 
produced, 2) the environmental, health, and waste treatment concerns that arise from the use or 
production of hazardous chemicals, and 3) and the creation of fermentation inhibitors which 
reduce the overall amount of ethanol fuel produced from glucose. Therefore, certain common 
hazardous chemicals and fermentation inhibitors known to be produced via other pretreatment 
methods were analyzed for after EBI pretreatment. None of these compounds (such as 
hydroxymethyl furan or furfural) were detected meaning they are either not produced at all 
during EBI pretreatment of lignocellulosic biomass or are produced in negligible concentrations 
32. The absence of fermentation inhibitors can be attributed to the lack of solvents, acids/bases, 
and high temperatures used in conducting EBI.  
Dose Rate Effect 
 The dose rate of irradiation is the amount of ionizing energy absorbed per unit of mass, 
per unit of time. Electron beam and gamma irradiation have been used to cure or cross-link 
polymers, including cellulose derivatives 5,30,44. Previous studies that investigated the effects of 
irradiation on  polymerization have found that the dose rate of irradiation has an impact on the 
degree of polymerization and can be used to control the amount of polymerization 44. One study 
showed that not only did the degree of polymerization increase with increasing total irradiation 
dose, but that the lower dose rates lead to increased polymerization 44. For a polymer such as 
cellulose, the act of irradiation is expected to cause a chain scission reaction instead of cross-
linking 5,44. Therefore, the dose rate of irradiation on cellulose is also expected to have an effect 
on the degree of polymer scission that occurs. This study will look at the irradiation of willow  
(Salix spp.) at three different dose rates (10 kGy/second [EBI], 0.1 kGy/second [EBI], and 0.695 
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kGy/hour [Gamma] or 0.012 kGy/second) to determine what effects, if any, the dose rate may 
have on chain scission and de-crystallization of cellulose within willow.  
 EB and gamma irradiation are expected to have similar effects on polymers 36–38. Both 
have been shown to be able to degrade cellulose derivatives at the glycosidic bond via free 
radical chain scission 38. However, the energies of the sources for the two forms of irradiation 
vary greatly and, thus, the dose rates each are capable of differ. In turn, the time required to 
irradiate the materials varies 36. Under high dose rate conditions, thermal effects can occur 36. 
Another main difference between the two sources of irradiation is the depth of penetration 36–38. 
Gamma irradiation can penetrate deeper into the material, thus, gamma irradiation can take 
longer than EBI. The density of free radicals within the material for the same total irradiation 
dose is lower for gamma irradiation than the density seen after EBI due in part to the length of 
irradiation 38. The lower radical density means the radicals are less likely to encounter one 
another and terminate the chain scission reaction. Furthermore, the radicals generated by EBI 
were seen to terminate much faster, since more radicals were generated initially due to the higher 
rate of irradiation, and thus the density of the radicals is higher 38. Studies have found that the 
degree of cross-linking within polymers was higher after gamma irradiation compared to EBI 
due to the increased time of propagation of the reaction and lower number of radicals per unit 
time per mass of material 38. Thus, it is hypothesized that at the lower dose rates, the same trend 
will occur for the degradation of polymers. Therefore, in this study, the expectation is that lower 






1) The greater the total dose, the greater the effect 
2) The lower the dose rate, the greater the effect 
 
Many other studies have determined the effect of total dose of EB irradiation has on 
willow wood’s structure and ability to produce glucose after enzymatic hydrolysis. The primary 
aim of this study is to focus on the effect of different irradiation dose rates on the ability of the 
willow wood to be degraded into its monomeric sugars and ultimately converted into ethanol. 
This study will determine the effects three different dose rates (kGy/second and kGy/hour) have 
on the composition of willow after EB and gamma irradiation, and after two common 
pretreatment methods: hot water and 1% NaOH extractions. This study will also investigate the 
effect of total dose of irradiation, the dose rate of irradiation, and the effect hemicellulases have 
on the efficiency of cellulases to degrade cellulose into glucose. A fermentation experiment 
known as simultaneous saccharification and fermentation (SSF) will be performed to compare 
the rates and overall amounts of ethanol produced for three irradiation dose rates, and to 


























 Lignocellulosic biomass from energy crops such as willow has been proposed as an 
alternative to corn-based ethanol. However, due to the high recalcitrance of wood, 
lignocellulosic biomass is not currently cost competitive with corn-based ethanol 1,7,23,27. One 
way to reduce the recalcitrance of the wood is the use of pretreatments 1,7. As discussed in 
Chapter 1, there are three main categories of pretreatment methods: physical, chemical, and 
biological 1. The use of these pretreatment methods can increase the quantity of valuable 
products, such as fermentable sugars, produced from the lignocellulosic biomass, by decreasing 
the degree of polymerization of cellulose and hemicellulose, and by decreasing the degree of 
crystallinity of cellulose 1,27,35,39,41,45. Two common chemical pretreatment methods used within 
biorefineries are hot water extraction and sodium hydroxide extraction. Hot water extraction can 
remove the extractives, or small molecular weight molecules, and hemicelluloses with water at 
high temperature (160OC) and pressure without the need of catalysts 1,14. Another effective way 
to remove hemicellulose is through alkali pretreatment with aqueous sodium hydroxide. 
However, due to the need to remove these solvents from the biomass, the need to monitor the pH 
and temperatures of these extractions, and the possibility of creating fermentation inhibitors that 
affect the overall yield of ethanol produced in these biorefineries, alternative pretreatment 
methods were looked into 1,14. This has led to the increased interest in irradiation as a physical 
pretreatment method as discussed in Chapter 1. Irradiation of lignocellulosic biomass by EBs or 
gamma rays is believed to be effective in depolymerizing polymers without the high 
temperatures or chemical usage required for many other pretreatment methods, which can reduce 
the generation of inhibitory chemicals that can affect the overall ethanol yield 45. Irradiation 
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pretreatment methods are also considered environmentally benign compared to sodium 
hydroxide pretreatments due to the lack of harsh solvents 3,32,39,40,45.  
One way to measure the effect of pretreatments on lignocellulosic biomass is by 
measuring the solubility of the biomass in aqueous solvents. Extractives, or soluble molecules, 
can be removed from the biomass following the depolymerization of hemicelluloses, and the 
disruption of the hydrogen bonding network within the biomass that can occur after   
pretreatment 39. These extractives can include the organo-soluble compounds called extractives, 
as well as additional extractable materials from the degradation of polysaccharides not typically 
seen in organo-soluble extractives from non-irradiated wood. This chapter determined the mass 
loss and solubility of the willow wood after three different pretreatment methods: irradiation, hot 
water extraction, and sodium hydroxide extraction on irradiated ground willow to determine the 
effects of the pretreatment methods on the composition of the willow wood.  
 
Experimental 
Harvesting and Grinding of Biomass 
A mixture of willow cultivars was harvested by the Volk Group in the Department of 
Forest and Natural Resources Management at SUNY ESF and air dried. The wood chips were 
then ground in a Wiley Mill into 8 mesh powder (2.38 mm particles).  
 
Sample Preparation 
 All wood samples for any experiments discussed in Chapters 2 -5 were oven dried at 
105oC to remove water from the wood samples, and to ensure that the amount of total dry wood 
in the sample was consistent throughout each trial. It should be noted that the removal of water 
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can impact the woods ability to expand in, or absorb, liquid. This is turn may cause an 
underlying underestimation of the overall solubility of the wood, or of the conversion of sugars 




 Irradiation of the wood samples was conducted at three different dose rates from three 
different irradiation sources to yield the same total irradiation doses. The high dose rate of 50 
kGy/second was conducted on a high energy electron beam at Kent State University with their 
5MeV Dynamitron accelerator in air. Samples were passed under an EB to reach total doses of 
100, 200, 300, 400, and 500 kGy. The medium dose rate of 0.1 kGy/second was conducted at the 
Nation Institute of Standards and Technology (NIST) with their high energy electron beam of 10 
MeV in air for total doses of 300 and 500 kGy. NIST also performed the low dose rate of 0.012 
kGy/second, or 0.695 kGy/hour, using a Co60 gamma irradiation source. These low dose rate 
samples were in enclosed containers for ~6 months and irradiated at total doses of 100, 200, 300, 
400, 500, 750, and 1000 kGy.  
 
Hot Water Extraction 
 Willow powder was oven dried overnight at 105oC, then cooled in a desiccator before 0.2 
g of the oven-dried willow powder was weighed out into individual 15 mL pressure vessels 
along with 10mL of deionized (DI) water. Samples were heated to 160oC for 2 hours and shaken 
approximately every 20 minutes. After two hours samples were removed from the oven and 
cooled to room temperature before being transferred to 50 mL centrifuge tubes with two 5 mL DI 
H2O rinses to ensure all willow powder was transferred. The samples were then centrifuged for 
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20 minutes at 4000 rpm. The supernatant was vacuum filtered through pre-weighed filters. This 
centrifugation and filtration process was repeated with an additional 25mL of DI water until the 
pH of the supernatant was stable. After the final centrifugation step all the willow powder was 
transferred onto the filters with DI H2O rinses. Samples remained under vacuum filtration for 
~10 minutes to help remove excess moisture, before being oven-dried overnight at 105oC. 
Samples were then cooled to room temperature in a desiccator before determining the final oven 
dried mass of willow residue from which the mass loss and percent wood solubility are 
calculated. All samples were run in triplicate. 
Due to frequent leaks of the pressure vials due to the high steam created at 160oC a mild 
hot water extraction which followed the same procedure at a lower temperature (105oC) was 
tested. Due to the similarities in mass loss and TGA data between mild and hot water extractions, 
the mild hot water extraction procedure was used instead for all subsequent water extraction 
pretreatment experiments. 
 
Alkali Extraction Method   
This procedure is a modification of the Technical Association of the Pulp and Paper 
Industry (TAPPI) official test method TAPPI 212 om-93. Willow powder was oven dried 
overnight at 105oC, then cooled in a desiccator before   0.2 g of the oven-dried willow powder 
was weighed out into individual 15 mL pressure vessels. 10 mL of 1% NaOH solution was added 
to each vessel, capped, and heated to 100oC for one hour; samples were shaken approximately 
every 20 minutes. After one hour, samples were removed from the oven and cooled to room 
temperature. Samples were transferred to 50 mL centrifuge tubes with two 5 mL rinses with the 
1% NaOH solution to ensure all willow powder was transferred. The samples were then 
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centrifuged for 20 minutes at 4000 rpm. The supernatant was vacuum filtered through pre-
weighed filters. 25 mL aliquots of DI H2O were added to each sample after this initial filtration 
for subsequent centrifugations and filtrations until the pH of the supernatant was neutral. After 
the final centrifugation step all the willow powder was transferred onto the filters with DI H2O 
rinses. Samples remained under vacuum filtration for ~10 minutes to help remove excess 
moisture before being oven-dried overnight at 105oC.  Samples were cooled to room temperature 
in a desiccator before being weighed to determine the mass lost and percent wood solubility. All 
samples were run in triplicate.  
To verify that hemicelluloses are soluble in 1% NaOH, 10 mL of 1% NaOH was added to 
0.205 g of pure xylan powder and allowed to sit for one hour to dissolve. Immediately there was 
a noticeable color change from clear to a light amber colored liquid with very minimal solid 




Figure 2. 1: Percent mass lost after hot water extraction at 160oC on ground willow wood 
irradiated at 0, 100, 200, 300, 400, and 500 kGy at a dose rate of 50 kGy/second. Error bars 
represent one standard deviation from the mean.  
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A hot water extraction was initially performed at 160oC for willow samples that were 
irradiated at the high dose rate of 50 kGy/second. As can be seen in Figure 2.1, the average 
percent mass lost after hot water extraction (HWE) increased from 18.2 – 34.8% as the overall 
dose increased from 0 – 500 kGy. However, due to experimental issues with pressure vials 
leaking due to high steam pressure, a mild hot water extraction at a lower temperature (105oC) 
was proposed instead to avoid such a high steam buildup within the pressure vials. The percent 
mass lost from hot water and the new mild hot water extraction (mHWE) both showed the same 
trend of increased mass loss with increased overall dose (Figure 2.2). The only difference 
between the two hot water extractions was that the overall amount of percent mass lost was 
higher for the higher temperature extraction, as expected. However, due to the similar trend in 
overall increase for increasing total dose, the mild hot water extraction method was used for all 
subsequent hot water extraction trials.  
 
 
Figure 2. 2: Percent mass lost after hot water extraction (HWE; 160oC) compared to mild hot 
water extraction (mHWE; 105oC) on ground willow wood irradiated at 0, 100, 200, 300, 400, 
and 500 kGy at a dose rate of 50 kGy/second. Error bars represent one standard deviation from 
the mean.  
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The new mild hot water extraction was performed in triplicate for each overall irradiation 
dose for three different dose rates, with the average of percent mass lost for each triplicate 
sample plotted versus overall dose (Figure 2.3). All three dose rates show the same trend after 
mHWE as the HWE had shown earlier, of an overall increase in percent mass lost as the total 
dose increases, as expected. The three dose rates only had the overall doses of 300 and 500 kGy 
in common, so only those two doses were compared when comparing between the different dose 
rates. As can be seen in Figure 2.4, the high (50 kGy/second) and the low (0.695 kGy/hr) dose 
rates had very similar percent mass losses after mHWE; with both having a lower percent mass 
loss than the medium (0.1 kGy/second) dose rate. The fact that the intermediate dose rate had the 
largest mass loss was surprising.  It was hypothesized beforehand that higher dose rates would 
more rapidly produce free radicals, creating a high density of radicals within the sample, 
increasing the probability of the reaction terminating rather than propagating the radical chain 
scission. Thus, it was expected that a slower dose rate, which produces a lower radical density, 
would be more effective at depolymerization than a high dose rate 38. However, the results from 
the mild hot water extraction suggest that a dose rate that is too slow may not be as effective as 
initially believed and an intermediate dose rate may be more effective overall. How this dose rate 
effect affects other aspects of the biomass remains to be seen. The percent mass lost for the three 
dose rates was then compared for the alkali extractions to determine if the most effective dose 








     
Figure 2. 3: Percent mass lost after mild hot water extraction at 105oC on ground willow wood 
irradiated at 0, 100, 200, 300, 400, and 500 kGy at a dose rate of 50 kGy/second (A), 0, 300, and 
500 kGy at 0.1 kGy/second (B), and 0, 100, 200, 300, 400, 500 750, and 1000 kGy at 0.695 
kGy/hr (C). Error bars represent one standard deviation from the mean.  
 
 
Figure 2. 4: Comparison of percent mass lost after mild hot water extraction (105oC) for 0, 300, 
and 500 kGy irradiated willow samples at three different dose rates: high (50 kGy/second), 
medium (0.1 kGy/second), and low (0.695 kGy/hr). Error bars represent one standard deviation 
from the mean. Connecting lines were added for better visual representation and are not trend 





All three dose rates showed an overall increase in percent mass lost as the total dose 
increased for both alkali and mHWE, which was expected (Figure 2.5). Overall the percent mass 
loss following alkali extraction for all three dose rates was higher than the mass lost during 
mHWE, with the control alkali samples experiencing the same or higher mass losses than even 
the highest irradiation dose after mHWE. The control, 300 kGy, and 500 kGy samples were 
compared for the three dose rates after alkali extraction, as can be seen in Figure 2.6. The percent 
mass lost after extraction increases from the high dose rate to the low dose rate. Unlike the 
mHWE comparison, the medium dose rate was between the high and the low dose rates for alkali 
extractions, rather than having the largest percent mass lost as seen in the mHWE data. This 
suggests that the medium dose rate having the largest effect on solubility during mHWE may not 
be an overall trend, and instead unique to mHWE or simply due to sample variation. The alkali 
extraction dose rate data conforms to the expected idea that the lower the dose rate, the longer 
the chain scission reaction will be able to proceed and the greater the disruption of the 








Figure 2. 5: Percent mass lost after alkali extraction on ground willow wood irradiated at 0, 100, 
200, 300, 400, and 500 kGy at a dose rate of 50 kGy/second (A), 0, 300, and 500 kGy at 0.1 
kGy/second (B), and 0, 100, 200, 300, 400, 500 750, and 1000 kGy at 0.695 kGy/hr.  
 
 
Figure 2. 6: Comparison of percent mass lost after alkali extraction for 0, 300, and 500 kGy 
irradiated willow samples at three different dose rates; high (50 kGy/second), medium (0.1 
kGy/second), and low (0.695 kGy/hr). Connecting lines were added for better visual 






















 Lignocellulosic biomass is made up of three main polymers; cellulose, hemicellulose, and 
lignin. One easy way to determine the composition of the biomass is through a thermochemical 
process known as thermogravimetric analysis (TGA). Within a thermogravimetric instrument the 
biomass is heated to high temperatures allowing the volatile portion of the biomass to burn off in 
air, while simultaneously measuring the weight loss of the sample. Within a high resolution 
TGA, a dynamic heating mode can be employed that allows the instrument to slow down the 
heating rate of the sample when it detects a rapid weight loss. This adjustable heating rate allows 
for sharp and clean onsets of degradation by one component. In addition, it can reduce the 
overall time of the experiment by allowing the heating rate to progress faster until a weight loss 
change is detected, at which point the heating rate will slow to ensure high resolution of said 
degradation. The derivative of this mass loss with respect to temperature is plotted in the form of 
peaks for an easy visual representation of the combustion and subsequent loss of each 
component. An example of a TGA plot of lignocellulosic biomass is shown below (Figure 3.1). 
The first mass loss indicated by the arrow at 125oC is the loss of water bound within the biomass. 
This is usually a very small portion of the biomass’s weight but an important measurement since 
the percent composition of the following components comes from the weight of the dried 
biomass only, or the weight determined after this loss of water. The three peaks denoted A, B, 
and C in Figure 3.1 represent the loss of the three main components of biomass hemicellulose, 
cellulose, and lignin respectively. Hemicellulose within lignocellulosic biomass is a mix of 
heterogeneous short polymers and, as such, is lost at a lower temperature and is a broader peak 
8,25,27. Cellulose, being the most crystalline polymer within lignocellulosic biomass corresponds 
to the sharpest peak 8,27. Lignin is a heterogeneous polymer made of randomly arranged aromatic 
 36 
compounds bound in larger sheets 42,46. Lignin is the last component of lignocellulosic biomass 
to combust due to its complex bonding and aromatic network 8,27.   
The standardized temperature ranges at which to measure the oxidative degradation in air 
of each of these components for percent composition data is based on a National Institute of 
Standards and Technology (NIST) Eastern Cottonwood standard (standard 8492); hemicellulose 
is measured from 200oC – 275oC, cellulose 275oC – 325oC, and lignin 350oC to 475oC. However, 
these temperature ranges can change as the polymers are altered based on the conditions to 
which the biomass samples are subjected to (i.e. pretreatments) 4. The effect of pretreatments on 
the polymers and how to quantify these will be discussed in this chapter. In addition to being 
useful for determining the percent composition of biomass, the graph of the derivative of the 
weight loss can also be useful in characterizing the nature of or alternations to the polymers 
during pretreatments. For example, the effect of a process or pretreatment has on the degree of 
crystallinity or polymerization of the component polymer can also be measured using TGA data 
3,8,27. As crystallinity or the degree of polymerization of the polymer decreases, the peak of the 
derivative broadens due to a decrease in homogeneity of the combusted component 3,27,28. The 
peak temperature of this peak can also decrease as the crystallinity or degree of polymerization 




Figure 3. 1: A sample graph of the output after a thermogravimetric analysis performed on 
willow depicting the three main constituents of willow (hemicellulose – A, cellulose – B, and 
lignin – C) as well as the loss of water (dashed line indicated by the arrow) (Serapiglia, M. et al. 
2009) 8.  
 
Equation 3.1 
Weight % (200oC) - Weight % (275oC)      X  100%   = % Composition of Hemicellulose 
        Weight % (125oC)  
 
Experimental   
 Thermogravimetric analyses were performed on a Q500 series TGA instrument 
manufactured by TA Instruments to determine wood composition. Samples were run under 
dynamic Hi Res conditions from room temperature to 500oC or 600oC with a temperature ramp 
of 10oC/min and an air flow rate of 10 mL/min, a high resolution number of 4, and a sensitivity 
value of 1. The NIST 8492 (Eastern Cottonwood) standard was used to calibrate the temperature 
ranges for hemicellulose, cellulose, and lignin oxidative degradation in air that were used to 
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determine the percent composition of the samples (Table 3.1). Ash was determined as any non-
combusted biomass remaining at 600 oC. Samples were analyzed with TA Universal V4.7A 
analysis software. The thermal properties of willow samples after hot water extraction (HWE), 
mild hot water extraction (mHWE), and alkali extraction pretreatments for three different 
irradiation dose rates were compared to one another and to the control for a variety of total 
irradiation doses. These pretreatment methods follow the procedures detailed in Chapter 2. It 
should be noted that the temperature range used to determine percent composition of lignin can 
also include lignin-like compounds such as polyphenolics. For this study all compounds that fall 
within the 350oC to 475oC  temperature range will be referred to as “lignin” for simplicity, unless 
specifically discussing the differences between whole lignin and polyphenolics.  
 
Table 3. 1: Percent composition of NIST standard 8492 determined via oxidative degradation by 
TGA. 
 Hemicellulose Cellulose Lignin Ash 
TGA 23.4% 42.9%  27.5% 0.9% 
 Structural Sugars Lignin Ash 





Figure 3. 2: A graph of the derivative of a thermogravimetric analysis of control, ground willow 
which shows the composition of the biomass through the loss of the four major constituents 
(water – A, hemicellulose – B, cellulose – C, and lignin – D) of lignocellulosic biomass.  
 
 The willow samples were harvested and ground following the procedure outlined in 
Chapter 2, and a TGA of this control sample was taken for use as a reference for pretreated 
biomass. The derivative of this TGA data was plotted (Figure 3.2), as will be done for all 
subsequent TGA’s discussed within this thesis. The derivative was determined by plotting the 
instantaneous rate of change of the sample’s mass with respect to temperature. The control 
willow sample was very similar to the expected standard biomass sample (Figure 3.1), with the 
hemicellulose, cellulose, and lignin (peaks B, C, and D in Figure 3.2 respectively) appearing in 
the expected temperature ranges and expected peak shapes. The percent composition of this 
control willow sample, including bark, is presented in Table 3.2. The range of average percent 
components for willow biomass reported in the literature is found in Table 3.3. Neither the 
hemicellulose nor lignin percent composition values found in the control willow sample fall 
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within the range of expected values found in the literature. This difference is not unexpected due 
to the presence of the bark in the control willow sample. Bark has a higher concentration of 
lignin, and significantly lower concentrations of cellulose and hemicellulose 8. A sample of 
willow bark alone provided by the Volk research group was also analyzed via TGA (Figure 3.3).  
The hemicellulose and cellulose peaks were no longer distinguishable from one another, so 
instead a polysaccharide peak from 200 – 350oC was used to estimate both (Table 3.4).  As can 
be seen by their combined masses, the overall percentage of cellulose and hemicellulose is lower 
in bark than in willow wood itself. Additionally, the percent composition of lignin is much 
higher in the bark compared to the wood alone.  The differences in the lignin and hemicellulose 
composition seem to be explained by the presence of bark within the willow samples. 
Additionally, the presence of the bark within the willow samples does not appear to affect the 
shape or position of the component peaks, nor does the bark appear as a fourth component peak. 
The average percentage of bark for willow clones was found to be 14% 8. In fact, the percent 
lignin composition of the control willow wood including bark was found to be equivalent to the 
value expected based on the average percent lignin composition of willow without bark from the 
literature plus 14% of the bark composition (Equation 3.2).  
 
Table 3. 2: Percent composition of ground willow biomass samples provided by the Volk 
research group as calculated by Equation 3.1 based on the data in Figure 3.2.  
Hemicellulose Cellulose Lignin Ash Total 




Table 3. 3: Percent composition of debarked willow biomass determined from a literature review 
encompassing percent composition determination via various analytical techniques 2,8,47–49. 
Hemicellulose Cellulose Lignin Ash 
21.8-34.9% 38.4-45.3% 20.3-24.3% 0.7% 
 
Table 3. 4: Percent composition of willow bark provided by the Volk research group determined 
thermogravimetrically (Figure 3.3).  
Polysaccharides 200 – 350oC Lignin Ash 
50.8% 41.0% 5.3% 
 
 
Equation 3.2 Lignin Percent Composition 
Percent composition of bark multiplied by percent of bark 
present 
41.0% * 0.14% = 5.74% 
Average percent composition of debarked willow in 
literature plus percent bark composition 






Figure 3. 3:  A thermogram of willow bark provided by the Volk research group.  
 
Electron Beam Irradiation 
 The willow samples were irradiated at three dose rates (50 kGy/second, 0.1 kGy/second, 
and 0.012 kGy/second or 0.695 kGy/hour) as described in Chapter 2. All 14 total dose and dose 
rate samples were analyzed thermogravimetrically and compared. Initially the dose rates were 
compared individually, then the same total irradiation dose per dose rate were compared. As can 
be seen in Figures 3.4-3.6, the effect of the irradiation on the willow samples follows the same 
pattern across the three dose rates. The cellulose peak shifts to a lower temperature and broadens 
compared to the control after irradiation for all dose rates, with the peak temperature and peak 
sharpness decreasing with increasing total dose. The hemicellulose peak also loses its shape and 
becomes broader with increasing total dose for all three dose rates. The hemicellulose peak also 
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seems to shift to a lower temperature for all three dose rates with increasing overall dose 
compared to the control. However, unlike the cellulose peak which appears to completely shift to 
the left, the hemicellulose peak appears to occur within the same temperature range (200oC – 
275oC), with the bulk of the peak appearing to concentrate towards the lower temperature. In 
contrast, the hemicellulose peak in the control samples appears as a rather symmetrical peak 
centered around 260oC. The broadening of the two peaks and the decrease in temperature are due 
to the decrease in crystallinity within the cellulose and to the depolymerization of both the 
cellulose and hemicellulose after EBI; these are known effects of EBI on lignocellulosic biomass 
3,4,27,50. As the degrees of crystallinity and polymerization decrease, the overall homogeneity and 
energy of combustion of the peaks decrease resulting in the peak broadening and peak shift 
respectively 27. One study on isolated cellulose cotton fibers showed that irradiation was able to 
depolymerize both the crystalline and amorphous regions of the cellulose, as well as decrease the 
overall crystallinity 51.  Due to the broadening of both the hemicellulose and cellulose peaks, as 
well as the shift of the cellulose peak to the left, a significant overlap of the two peaks occurs 
after irradiation at all three dose rates, with the overlap appearing more pronounced at higher 
overall doses. The lignin peak shape appears relatively unaffected, but there was a decrease in 
peak temperature. The effects found on the three main polymers within willow after EBI were 
consistent with effects seen in the literature 27. Overall, after electron beam irradiation the 
hemicellulose and cellulose peaks shifted to the left and broadened and the lignin remained 
relatively unaffected for all irradiation doses and dose rates. The similar trend in the way all 
three polymers were affected after electron beam irradiation suggests that the electron beam 
irradiation mode of action for biomass polymers does not change with dose or dose rate. Instead, 
simply the degree of the effect appears to vary with varying total dose and dose rate. The effect 
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of EBI on lignocellulosic biomass has already been shown to increase with increasing total dose 
3,4,27,50. To measure the degree to which the dose rate affects the samples, the overall percent 
composition of these three components were measured and compared. The percent moisture 
content for all samples was between ~4-10%, depending on the sample or time since drying for 
the percent mass loss samples.  
 Due to the overlap of the hemicellulose and cellulose peaks, and the noticeable shift in 
the cellulose peak after irradiation compared to the control, the standard temperature range cut-
offs for quantifying each peak based on the NIST standard no longer seemed appropriate. Thus, a 
new analysis procedure was developed for determining the percent composition of each 
constituent. Assuming symmetrical peaks the other half of both the hemicellulose and the 
cellulose peaks were estimated in an effort to determine an appropriate cut-off temperature, 
where only minimal tailing of one peak overlapped with the other. However, at higher total 
irradiation doses quite a significant portion of both the hemicellulose and cellulose peaks 
overlapped making this determination difficult, in which case the junction of the shoulder peak 
and the main peak was used. The percent composition for hemicellulose, cellulose, and lignin for 
each total irradiation dose for three different dose rates can be seen in Tables 3.5-3.7. Any one-
time increase in percent composition is believed to be due to slight variations in the sample. Any 
trend that shows an increase in percent composition over time for either the hemicellulose or 
cellulose components is believed to be due to the inaccuracy of the current measurement method 
in estimating the peak area within the overlapped section, and is believed to be overestimating 
the peak area by including a portion of the neighboring peak. For example, the highest dose rate 
appears to be overestimating the cellulose percentage for the highest total doses, whereas the 
lowest dose rate may be underestimating the cellulose percentage for the highest total doses.  
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Figure 3. 4: Thermogravimetric analysis graphs for ground willow irradiated at 0, 100, 200, 300, 
400, and 500 kGy at a dose rate of 50 kGy/second.  
 
Figure 3. 5: Thermogravimetric analysis graphs for ground willow irradiated at 0, 300, and 500 























































Figure 3. 6: Thermogravimetric analysis graphs for ground willow irradiated at 0, 100, 200, 300, 
400, 500, 750 and 1000 kGy at a dose rate of 0.695 kGy/hour. 
 
Table 3. 5: Percent composition of willow irradiated at 0, 100, 200, 300, 400, and 500 kGy at a 
dose rate of 50 kGy/second determined via TGA and calculated using Equation 3.1. Peak 
temperatures of cellulose, hemicellulose, and lignin determined at the highest point of each peak 
respectively after TGA was performed.  
Sample 
(kGy) 






Control 19.0 44.0 29.0 260.6 299.4 424.6 
100 19.9 43.8 28.6 257.4 291.4 416.0 
200 19.7 44.5 28.2 257.4 290.5 419.7 
300 22.3 39.1 29.7 258.7 288.2 413.7 
400 17.7 45.0 28.3 252.3 287.3 419.2 




























                  750kGy– – – –
                  1000kGy– – – –
Universal V4.7A TA Instruments
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Table 3. 6: Percent composition of willow irradiated at 0, 300, and 500 kGy at a dose rate of 0.1 
kGy/second determined via TGA and calculated using Equation 3.1. Peak temperatures of 
cellulose, hemicellulose, and lignin determined at the highest point of each peak respectively 
after TGA was performed.  
Sample 
(kGy) 






Control 19.0 44.0 29.0 260.6 299.4 424.6 
300 20.2 45.0 26.9 254.1 286.4 410.9 
500 22.3 42.5 27.5 253.7 284.0 416.0 
 
Table 3. 7: Percent composition of willow irradiated at 0, 100, 200, 300, 400, 500, 750, and 1000 
kGy at a dose rate of 0.695 kGy/hour determined via TGA and calculated using Equation 3.1. 
Peak temperatures of cellulose, hemicellulose, and lignin determined at the highest point of each 
peak respectively after TGA was performed.  
Sample 
(kGy) 






Control 19.0 44.0 29.0 260.6 299.4 424.6 
100 22.1 39.2 29.5 253.3 290.9 417.3 
200 19.4 42.3 29.8 254.03 289.0 418.1 
300 20.9 43.0 28.2 253.3 286.7 413.5 
400 20.9 43.6 28.3 251.3 285.2 417.0 
500 22.9 41.7 27.4 254.4 284.4 417.3 
750 22.3 39.1 29.5 252.9 284.0 418.5 





   
 
Figure 3. 7: The effect of total irradiation dose on the maximum peak temperature for the 
cellulose peak for 50 kGy/second (A), 0.1 kGy/second (B), and 0.695 kGy/hour (C), as well as a 
comparison of the peak temperature of cellulose irradiated at 0, 300, and 500 kGy for these three 
dose rates (D). All peak temperatures were determined after TGA of irradiated willow samples. 
Connecting lines were added for better visual representation and are not trend lines.   
 
 
The peak temperatures for the cellulose peaks for each dose rate were compared (Figure 
3.7 D). Since each set of samples for the varying dose rates included a 300 and 500 kGy sample, 
these total doses were the only two compared across the three dose rates. The EB irradiation has 
been shown to disrupt the cellulose crystallinity and decrease the polymerization, which causes 
the TGA peak to broaden and shift to a lower temperature respectively, as seen by the TGA 
spectra (Figures 3.4-3.6). The different dose rates of EB irradiation appear to affect the amount 
of disruption within the crystalline structure or the amount of depolymerization of the cellulose, 
though the differences are minor. All three dose rates do appear to lower the peak temperature of 
the cellulose with increasing total irradiation dose (Figure 3.7 A, B, and C). The medium (0.1 
kGy/Second) dose rate appears to have the largest effect on the cellulose crystallinity (Figure 3.7 
D). Prior to this experiment, it was hypothesized that the faster dose rates would have the least 
A B C 
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effect on the willow biomass due to a rapid production of radical electrons that would increase 
the radical concentration and increase the probability that these radicals would find each other 
and recombine rather than continue to disrupt the cellulose polymer 38. Based on this hypothesis, 
for the same reason the lower dose rate was expected to have the largest effect on the polymer 
disruption due to the lower radical concentration making it the least likely for the radicals to 
recombine and terminate the radical reactions. The highest dose rate did as expected and had the 
least effect on cellulose peak temperature. However, this data suggests that it is not the lowest 
dose rate, but actually the medium dose rate that has the largest effect on the cellulose peak 
temperature. However, the overall differences within the peak temperatures are small, and the 
apparent largest effect on temperature from the medium dose rate may just be product of natural 
variation within the samples themselves and not an actual effect. More samples should be run to 
verify this finding.  
The lignin portion of the willow biomass is an aromatic polymer and has been suggested 
as a possible radical scavenger, as a way to protect the tree from solar-energy created radicals 
42,43. Perhaps the effect of the lower dose rate is tempered by the lignin’s natural ability to quench 
radicals, whereas the higher dose rates occur fast enough or produce enough radicals to 
overcome this natural radical quenching ability. If this is the case, there may be an optimal spot 
or somewhat of a bell curve between dose rates that are too fast and naturally quench themselves 
and dose rates that are too low to overcome the natural quenching ability of the wood. Whether 
this effect of the middle dose rate having the largest effect will continue with other pretreatment 
methods or if this effect only affects the cellulose peak temperature will be examined throughout 
the rest of this thesis. 
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Hot Water Extraction 
 
Figure 3. 8: Comparison of thermogravimetric analysis graphs for ground willow after no 
pretreatment (control), mild hot water extraction (control mild HWE), and hot water extraction 
(control HWE).  
 
Table 3. 8: Peak temperatures of cellulose determined at the highest point of each peak 
respectively after TGA was performed, based on Figure 3.8.  
Sample Cellulose Peak Temperature (oC) Lignin Peak Temperature (oC) 
Control 299.4 424.6 
Control after Mild Hot 
Water (mHWE) 
290.1 427.0 




























The ground willow was pretreated with a hot water extraction (160oC) as described in 
Chapter 2. However, due to the technical difficulties of maintaining safe lab practices at such 
high temperatures, a mild hot water extraction (105oC) was also performed to determine if mild 
hot water extractions were comparable to hot water extractions. The two water extractions were 
compared, with the following results. With the hot water extraction (HWE) the percent 
composition of hemicellulose can be seen to significantly decrease between the untreated control 
and the control after hot water pretreatment, which was expected, though it is not totally 
removed (Figure 3.8). The hot water extraction pretreatment method also appears to disrupt the 
crystallinity of the cellulose, which was also expected, as can be seen by the shift in the cellulose 
peak to the left. The sharpness of the shifted peak appears to indicate that the hot water 
pretreatment effects the crystallinity, but not the degree of polymerization of the cellulose. If the 
cellulose was broken down into a variety of polymer lengths, then the cellulose peak would 
broaden as the lower molecular weight polymers combust at lower temperatures than the higher 
molecular weight polymers. The sharpness of the cellulose peak after HWE suggests that the 
homogeneity of the polymer remained relatively intact, at least for the control EBI samples, 
while the shift in temperature indicates that the energy of combustion decreased. When 
compared to the mild-hot water extraction (mHWE) the cellulose peak appears to behave in the 
same way as the hot water extraction, by shifting to the left and remaining sharp. In fact, the 
HWE and mHWE peak cellulose temperatures are almost identical and show a noticeable 
decrease in intensity compared to the untreated control peak temperature (Table 3.8). The lignin 
peak can be seen to shift towards the right after hot water pretreatment (Figure 3.8), with the 
largest shift occurring for the higher temperature hot water extraction (Table 3.8). The majority 
of the lignin is not expected to be affected by hot water extraction, as lignin is not commonly 
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water or acid soluble. However, lignin is a very complex heterogenous polymer and a small 
portion of lignin is acidic soluble. This slight lignin solubility can also explain the shift in the 
remaining lignin peak towards the right, as the remaining lignin is more condensed. One study 
hypothesized this shift towards the higher temperatures to be due to the pretreatment method 
altering the structure of lignin, and leading to the creation of a more thermally stable polymer, or 
the partial degradation of more easily combusted lignin 27. Overall, the most noticeable 
difference between the mHWE and HWE samples was the higher amount of hemicellulose still 
present after pretreatment with mHWE compared to HWE. Additionally, as was mentioned in 
Chapter 2, the mass loss for HWE was higher than the mass loss seen for mHWE, which further 
indicates that more hemicellulose was removed at the higher temperature water extraction. The 
greater removal of hemicellulose at the higher temperature pretreatment method may be 
beneficial in biorefineries that have the capabilities to handle samples at this high temperature 
and pressure. However, the purpose of this experiment was to see how the electron beam dose 
rate affects the composition of the wood or the effectiveness of the pretreatment method, and due 
to the inability of the lab to handle such high temperatures and pressures, a mild hot water 






Figure 3. 9: Comparison of thermogravimetric analysis graphs for ground willow irradiated at 0, 
100, 200, 300, 400, and 500 kGy at a dose rate of 50 kGy/second after pretreatment with hot 
water extraction at 160oC (A) and 105oC (B).  
 
 
Figure 3. 10: Comparison of thermogravimetric analysis graphs for ground willow irradiated at 
0, 300, and 500 kGy at a dose rate of 0.1 kGy/second after pretreatment with hot water extraction 














































































Figure 3. 11: Comparison of thermogravimetric analysis graphs for ground willow irradiated at 
0, 100, 200, 300, 400, 500, 750 and 1000 kGy at a dose rate of 0.695 kGy/hour after pretreatment 
with hot water extraction at 105oC.  
 
 
Figure 3.9 A and B show the same set of samples irradiated at a dose rate of 50 
kGy/second for a range of doses after HWE and mHWE. As can be seen the two sets of samples 
closely resemble each other with the only noticeable difference being the higher hemicellulose 
present after mHWE.  Within traditional high temperature hot water extraction, the water 
becomes acidic due to the removal of acetyl groups along the hemicellulose chain. 
Hemicelluloses can be degraded under acidic conditions; the glycosidic bonds within 
hemicelluloses are susceptible to cleavage in acidic conditions. Hemicelluloses are also partially 
soluble in acidic conditions 1. Both the bond cleavage and solubility of the hemicelluloses will be 
lower for the lower temperature, or mild, hot water extraction. Therefore, it is reasonable that the 
hemicellulose is present at a higher percent composition after mHWE compared to HWE. As can 
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                  750 KGy–––––––
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mHWE. The hemicellulose peak appears to be partially removed, the cellulose peak shifts to the 
left, and the lignin peak shifts towards the right as the overall total dose increases. Additionally, 
the hemicellulose peak appears to lose its shape and separation from the cellulose peak, making 
it difficult to determine how much area under the curve is from the hemicellulose, or altered 
cellulose.  
 Tables 3.9 – 3.11 show the percent composition of hemicellulose, cellulose, and lignin 
after mHWE. For all three dose rates the percent composition of hemicellulose and lignin appear 
to decrease with increasing total irradiation dose. The cellulose percent composition appears 
relatively consistent with increasing total dose for all three dose rates. Cellulose is insoluble in 
water, and was not predicted to be extracted during mHWE, so the lack of change in the 
cellulose concentration after mHWE is consistent with this hypothesis. However, the percent 
composition of cellulose did appear to increase when compared to the untreated control for all 
three dose rates. This can be explained by the partial removal of hemicellulose and lignin. If the 
total mass of the biomass decreased after mHWE, but the cellulose percentage remained the 
same, then the overall proportion of the cellulose percentage would have increased to 









Table 3. 9: Percent composition of willow after mild hot water extraction irradiated at 0, 100, 
200, 300, 400, and 500 kGy at a dose rate of 50 kGy/second determined via TGA and calculated 
using Equation 3.1. Peak temperatures of cellulose, hemicellulose, and lignin determined at the 
highest point of each peak respectively after TGA was performed.  
Sample 
(kGy) 








19.0 44.0 29.0 260.6 299.4 424.6 
Control 18.8 51.2 24.4 262.0 290.1 427.0 
100 19.0 49.2 25.9 263.8 286.9 430.7 
200 11.8 56.2 26.1 253.2 285.5 430.3 
300 16.6 51.5 26.3 258.3 283.6 430.7 
400 16.2 52.1 25.4 254.0 283.2 432.3 
500 14.4 51.9 27.5 250.9 281.7 433.9 
 
Table 3. 10: Percent composition of willow after mild hot water extraction irradiated at 0, 300, 
and 500 kGy at a dose rate of 0.1 kGy/second determined via TGA and calculated using 
Equation 3.1. Peak temperatures of cellulose, hemicellulose, and lignin determined at the highest 
point of each peak respectively after TGA was performed.  
Sample 
(kGy) 








19.0 44.0 29.0 260.6 299.4 424.6 
Control 18.8 51.2 24.4 262.0 290.1 427.0 
300 15.6 51.0 26.8 282.7 282.7 434.0 




Table 3. 11: Percent composition of willow after mild hot water extraction irradiated at 0, 100, 
200, 300, 400, 500, 750, and 1000 kGy at a dose rate of 0.695 kGy/hour determined via TGA 
and calculated using Equation 3.1. Peak temperatures of cellulose, hemicellulose, and lignin 
determined at the highest point of each peak respectively after TGA was performed.  
Sample 
(kGy) 








19.0 44.0 29.0 260.6 299.4 424.6 
Control 18.8 51.2 24.4 262.0 290.1 427.0 
100 18.1 50.9 25.0 260.2 289.0 435.0 
200 17.4 49.6 25.4 259.0 286.3 435.8 
300 15.7 53.6 24.7 259.0 285.9 432.3 
400 17.6 49.1 26.3 257.1 285.2 432.7 
500 18.4 53.9 23.0 254.8 282.9 433.1 
750 18.0 48.7 26.4 No Noticeable 
Apex 
282.9 435.4 




Much like Figure 3.7 D, Figure 3.12 compares the peak temperature of the cellulose peak 
for control, 300 kGy, and 500 kGy after mHWE for the three dose rates. This figure also shows 
that the medium, or the 0.1 kGy/second, dose rate had the largest effect on the temperature of the 
cellulose peak, suggesting it has the largest impact on altering the crystallinity or the 
polymerization of the cellulose. However, interestingly, unlike EBI alone, it appears that the 
lowest, rather than the highest dose rate, has the least impact on the cellulose’s peak temperature 
after treatment with EBI and mHWE. Although, the overall temperature differences are small. As 
seen within Chapter 2, this medium dose rate of EBI was also shown to have the largest percent 
mass loss after EBI and mHWE.  
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Figure 3. 12: A comparison of the peak temperature of cellulose determined after TGA of willow 
samples irradiated at 0, 300, and 500 kGy irradiated at a high, medium, and low dose rate (50 
kGy/second, 0.1 kGy/second, and 0.695 kGy/hour) and pretreated with mild hot water extraction. 
Connecting lines were added for better visual representation and are not trend lines.   
 
Alkali Extraction 
The ground willow samples were then pretreated with a 1% NaOH extraction (100oC) 
following the procedure described in Chapter 2. Whereas the EBI and mHWE showed similar 
trends in how they affected the hemicellulose, cellulose, and lignin peaks, the alkali extraction 
had a much different effect on all three polymers than the other two pretreatment methods. 
Additionally, the effect of alkali extraction on ground willow appears to be more dependent on 
the dose rate compared to the EBI and mHWE methods, which followed the same trends over the 
different dose rates. In 1% NaOH, hemicellulose is soluble as was verified by dissolving pure 
xylan powder in the 1% NaOH solution that was used for all extractions. Hence, the 
hemicellulose was expected to be at least partially removed from ground willow after alkali 
extractions. Despite xylan powder being completely soluble in 1% NaOH, hemicelluloses are 
bound to lignin in the LCC within lignocellulosic biomass and, thus, may not be fully soluble, as 
was seen with this experiment. Cellulose contains glycosidic bonds, which are expected to be 
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comparatively stable in alkaline conditions 1,25,29,45. The cellulose was not expected to be 
depolymerized due to the stability of the glycosidic bonds in alkaline conditions and, thus, any 
broadening of the peak was not expected. Lignin is known to be somewhat stable in NaOH, 
however, lignin does contain some ester bonds, which are usually susceptible to cleavage in 
alkaline conditions 1,25,29,45. Thus, a 1% NaOH extraction was only anticipated to partially affect 
lignin. The actual effect alkali extraction had on the willow samples can be seen in Figure 3.13. 
The effect on lignin is similar for irradiated and non-irradiated samples.  
  
Figure 3. 13: Comparison of thermogravimetric analysis graphs for control willow before 
(control) and after alkali extraction (control alkali extraction) (A) and for willow irradiated at 




Table 3. 12: Peak temperatures of the cellulose and lignin peaks determined at the highest point 
of each peak respectively after TGA was performed for willow samples before and after alkali 
extraction. 
Sample Peak Cellulose 1 
Temperature (oC) 
Peak Cellulose 2 
Temperature (oC) 
Peak Lignin 1 
Temperature (oC) 
Peak Lignin 2 
Temperature (oC) 
Control N/A 299.4 N/A 424.6 
Control post 1% NaOH 
Extraction 

























It is believed that the broad peak within the temperature range of 225oC – 300oC seen in 
Figure 3.13 is actually an altered cellulose peak and not the hemicellulose peak, which is 
believed to be mostly soluble in 1% NaOH despite hemicellulose normally being present within 
this temperature range. After the alkali extraction was performed, the solution noticeably 
changed color from clear to a light amber color, consistent with the color seen after dissolving 
xylan in 1% NaOH, suggesting dissolution of at least some hemicellulose. This color change 
helps support the hypothesis that the hemicellulose was mostly, if not entirely, removed and that 
the remaining peak seen by the TGA is, in fact, altered cellulose. As Figure 3.13 shows, after 
alkali extraction the cellulose peak is significantly shifted to the left and broadened. The 
cellulose peak also appears to split into two separate peaks, indicating two separate portions of 
the cellulose are affected by the 1% NaOH differently (Table 3.12). This may be the amorphous 
and crystalline regions of the cellulose beginning to differentiate themselves. Since the peak 
hemicellulose temperature for the control is below the first peak temperature seen within Figure 
3.13, and since the hemicellulose was expected to dissolve and be extracted, and not expected to 
shift to a higher temperature after alkali extraction, it was concluded that this first peak 
represents cellulose not hemicellulose.  
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Figure 3. 14: Comparison of thermogravimetric analysis graphs for ground willow previously 
irradiated at 0, 100, 200, 300, 400, and 500 kGy at a dose rate of 50 kGy/second after 1% NaOH 
extraction. 
 
Figure 3. 15: Comparison of thermogravimetric analysis graphs for ground willow previously 




















































Figure 3. 16: Comparison of thermogravimetric analysis graphs for ground willow previously 
irradiated at 0, 100, 200, 300, 400, 500, 750 and 1000 kGy at a dose rate of 0.695 kGy/hour after 
1% NaOH extraction. 
 
 The same effect of the 1% NaOH extraction on control willow sample can be seen for 
willow samples irradiated at different total doses for all three dose rates (Figures 3.14-3.16). For 
each dose rate, the hemicellulose peak appears to be absent, suggesting the dissolution of the 
hemicellulose in the 1% NaOH solution. The cellulose peak broadens and appears to split into 
two separate peaks. At higher total doses for all three dose rates, the cellulose peak becomes 
increasingly broad, and the presence of an additional side peak appears, suggesting that the 
cellulose is being broken down into various degrees of polymerization. However, the extent and 
nature of the effect alkali extraction has on the cellulose appears to be dose rate dependent 
(Tables 3.13-3.15).  For the highest dose rate (50 kGy/second) the overall percent composition of 
the polysaccharides peak (200-325oC), which is believed to be predominantly, if not entirely, 
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as though the overall concentration of the polysaccharides was decreasing. However, at the 
highest total dose (500 kGy) the polysaccharides peak does appear to begin decreasing slightly 
(Table 3.13).  This is not the case with the medium and lowest dose rates, which show a 
consistent decrease in the percent composition of polysaccharides with increasing dose rate 
(Tables 3.14 and 3.15).  The lowest dose rate shows the highest loss in polysaccharides after 
alkali extraction at the highest total doses, with a 20.3% decrease at 1000 kGy. In fact, at this 
total dose and dose rate, the polysaccharides peak can be seen to decrease and lose any distinct 
shape (Figure 3.16). Additionally, the peak temperature of this cellulose peak can be seen to 
decrease at the intermediate and lowest dose rates, but not for the highest dose rate (Tables 3.13-
3.15) In fact, the lowest dose rate even sees the appearance of a third peak as the polysaccharide 
peak continues to broaden and lose shape; that suggests even further depolymerization of the 
cellulose peak at the lowest dose rate (Figure 3.16). The overall effect of alkali extraction has on 
the cellulose peak for all three dose rates is that it appears to disrupt the crystallinity of the 
cellulose resulting in a shift in the peak temperature to the left, or even the appearance of 
additional distinct peaks, as well as the depolymerization of the cellulose polymer, seen by the 
peak broadening and decreasing percent composition.  The effect of total dose on the cellulose 
appears to be dependent on the dose rate. The percent composition and peak temperature 
remained relatively unaffected for the highest dose rate with increasing total dose (Table 3.13). 
In contrast, the increasing dose affected both the percent composition and peak temperature for 






Table 3. 13: Percent composition of willow after 1% NaOH extraction irradiated at 0, 100, 200, 
300, 400, and 500 kGy at a dose rate of 50 kGy/second determined via TGA and calculated using 
Equation 3.1. Peak temperatures of cellulose and lignin peaks determined at the highest point of 





Lignin 1 Lignin 2 Peak Cellulose 1 
Temperature (oC) 
Peak Cellulose 2 
Temperature (oC) 
Peak Lignin 1 
Temperature (oC) 
Peak Lignin 2 
Temperature (oC) 
Control 60.7 18.2 10.8 267.9 280.6 387.8 424.3 
100 63.1 19.1 9.4 272.9 278.3 387.1 421.4 
200 61.3 19.0 11.3 267.5 282.5 389.3 421.6 
300 60.8 19.8 10.2 270.2 285.2 389.3 420.4 
400 58.9 20.0 12.1 270.9 284.4 392.8 420.0 
500 56.4 18.9 16.1 270.2 283.2 394.3 422.0 
 
Table 3. 14: Percent composition of willow after 1% NaOH extraction irradiated at 0, 300, and 
500 kGy at a dose rate of 0.1 kGy/second determined via TGA and calculated using Equation 
3.1. Peak temperatures of cellulose and lignin peaks determined at the highest point of each peak 





Lignin 1 Lignin 2 Peak Cellulose 1 
Temperature (oC) 
Peak Cellulose 2 
Temperature (oC) 
Peak Lignin 1 
Temperature (oC) 
Peak Lignin 2 
Temperature (oC) 
Control 60.7 18.2 10.8 267.9 280.6 387.8 424.3 
300 53.3 17.4 20.3 256.3 280.6 393.9 422.0 
















Table 3. 15: Percent composition of willow after 1% NaOH extraction irradiated at 0, 100, 200, 
300, 400, 500, 750 and 1000 kGy at a dose rate of 0.695 kGy/hour determined via TGA and 
calculated using Equation 3.1. Peak temperatures of cellulose and lignin peaks determined at the 






Lignin 1 Lignin 2 Peak Cellulose 1 
Temperature (oC) 
Peak Cellulose 2 
Temperature (oC) 
Peak Cellulose 3 
Temperature (oC) 
Peak Lignin 1 
Temperature (oC) 
Peak Lignin 2 
Temperature (oC) 
Control 60.7 18.2 10.8 N/A 267.9 280.6 387.8 424.3 
100 62.2 21.7 7.1 259.0 277.9 287.1 395.8 423.1 
200 59.7 20.9 10.0 257.5 264.4 287.9 394.3 421.2 
300 56.4 21.0 12.9 250.6 269.4 287.1 395.8 417.7 
400 53.4 19.7 17.8 257.9 276.3 290.2 397.4 421.6 
500 47.6 16.1 28.2 254.0 269.8 287.1 397.4 420.0 
750 43.1 12.9 35.6 254.0 269.8 288.6 400.4 423.9 
1000 40.4 N/A 51.0 249.0 270.9 287.5 Undetected 426.2 
 
 The alkali extraction appears to have a unique effect on the lignin. For all three dose 
rates, including the control, the lignin peak splits into two distinct peaks following alkali 
extraction. Initially the percent composition of both  lignin peaks equals the percent composition 
of the lignin peak determined from the untreated control willow samples, suggesting that the 
“lignin peak 1” is altered or 1% NaOH soluble portions of the original lignin. The original lignin 
peak had a peak temperature of 424.6oC, and this decreased with increasing total dose for all 
three dose rates to roughly the same degree. The lignin peak referred to as “lignin peak 2” 
appears to represent what is considered the traditional lignin. However, it remains fairly 
unchanged with regards to temperature with increasing total dose for all three dose rates (Tables 
3.13-3.15). However, the “lignin peak 1” appears at a lower peak temperature than the traditional 
lignin peak and can be seen to shift to the right with increasing total dose for all three dose rates. 
In fact, the peak temperatures for each total dose appear consistent between the three dose rates. 
For the low and intermediate dose rates, this altered lignin, or “lignin peak 1,” can be seen to 
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decrease in percent composition with increasing total dose and is even undetectable at the 1000 
kGy. Figure 3.17 allows for a better comparison of the three dose rates with regard to the effect 
of 1% NaOH extraction on the cellulose and lignin peaks for the two total doses that the three 
samples have in common.   
 
 
Figure 3. 17: Comparison of thermogravimetric analysis graphs for ground willow after 1% 
NaOH extraction irradiated at 300 kGy (A), and 500 kGy (B) for three dose rates (50 






































































One way the cellulose present in lignocellulosic biomass can be converted into 
fermentable sugars and biofuels is through a pretreatment method followed by enzymatic 
hydrolysis. In this hydrolysis, biological enzymes known as cellulases bind onto the cellulose 
polymer and break it up into its monomeric sugars 21,24. Cellulose is made up of repeating 
glucose units, but its building block is cellobiose as discussed in Chapter 1. Cellulose has two 
distinct, chemically dissimilar ends that are named to distinguish them from one another, and 
each is attacked by cellulases differently; these ends are known as the reducing and the non-
reducing end (Figure 4.1). The reducing end refers to the end of the cellulose which has a free 
anomeric hydroxyl group, or the hydroxyl group present on carbon 1 of the b-D-glucopyranose 
ring 17. In solution the sugar is in equilibrium between its ring form and its open isomer. This 
reducing end can be converted into an aldehyde group, a chemical structure with reducing 
abilities, in the open ring form and is, thus, referred to as the reducing end. The non-reducing end 
is the end that has a hydroxyl unit present on the carbon 4 of a b-D-glucopyranose unit 17. 
Alternatively, the end of the cellulose which is unable to form the reducing aldehyde group is 




Figure 4. 1: Structure of the polymer cellulose with the cellobiose building block show in 
parentheses and the two ends known as the reducing and non-reducing end depicted (Bujanovic, 
B. 2018) 19. 
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Cellulase enzymes are complex enzymes that break down cellulose into its monomeric 
sugar units. First, cellulases must bind to the cellulose polymer in the proper configuration 
before, it is believed, a small portion of the enzyme lifts a region of the cellulose and feeds it into 
the catalytic site of the enzyme where cleavage occurs. Since there are many different cellulase 
enzymes found naturally, the enzymes are grouped up into two general categories: exo- and 
endo- glucanases21,24,52. Exoglucanases attach to the ends of the cellulose polymer and release 
cellobiose compounds into the surrounding solution. Due to the two distinct ends of cellulose, 
the exoglucanases are further categorized into those that bind to the polymer from the reducing 
end and those that bind along the non-reducing end 21,52. In some cases, where the exoglucanases, 
also known as cellobiohydrolases, are bound near the end of the cellulose polymer, slightly 
larger sugar oligomers than cellobiose can be released 53. Endoglucanases work within the 
middle of the cellulose chain and can also help to disrupt any hydrogen bonding found within the 
cellulose 21,52. The endoglucanases bind randomly to the middle of the cellulose polymer, 
preferentially within the amorphous regions of the cellulose (discussed in Chapter 1). However, 
due to their hydrogen bonding disruption abilities, they can also work within the crystalline 
region of the cellulose 21. The purpose of the endoglucanases is to create more ends of the 
polymer for the exoglucanases to attach to. Due to the activity of the exoglucanases, cellobiose 
units are readily available in solution around the enzyme. An enzyme known as b-glucosidase 
breaks these cellobiose units up into the individual glucose units 21,52. Though the main sugar 
oligomer released from the enzymatic cleavage of cellulose is cellobiose, other smaller sugar 
oligomers can be released as well. The b-glucosidases are also able to break these small 
molecules up into monomeric glucose units. Commercial enzyme preparations usually contain a 
mixture of endoglucanases, exoglucanases, and b-glucosidases to ensure an efficient breakdown 
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of cellulose into glucose. A schematic of the three enzymes working together can be seen below 
in Figure 4.2. 
 
 
Figure 4. 2: A visual representation of the three main categories of enzymes within the cellulase 
enzyme mixture used for enzymatic hydrolysis (Singhania, R. 2009) 52. Endoglucanases (EG) 
represented in orange, and cellobiohydrolases (CBH) represented in green, attach to the cellulose 
polymer directly and release cellobiose into the surrounding solution. b-glucosidases (BGL), in 
pink, convert cellobiose released from the previous two enzymes into glucose monomers.  
 
Lignocellulosic biomass refers to plant biomass that is composed of three polymers: 
cellulose, hemicellulose, and lignin, which are physically and chemically linked together (Figure 
1.1). Thus, in order for the enzyme to physically bind to cellulose in woody biomass, the 
protective coating of hemicellulose and lignin must be removed first 2,4,21,24,52,54. In order to make 
enzymatic breakdown more efficient the overall recalcitrance of the biomass needs to be 
reduced. Ways to decrease recalcitrance include: 1) reducing of the degree of polymerization of 
the cellulose to increase exoglucanase activity, 2) decreasing the crystallinity of the cellulose to 
increase the endoglucanase activity, and 3) increasing the available areas for the enzyme to bind 
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onto the cellulose by disrupting or removing the hemicellulose and lignin protective layers and 
increasing the surface area and porosity for better enzyme solution permeation 2,4,21,24,39,41,55.  
In order for the b-glucosidases, exo- and endoglucanase enzymes to effectively work and 
assist in digesting cellulose into glucose monomers, the enzymes must be able to physically pass 
through the lignin carbohydrate complex to adsorb onto the cellulose. This requires that the 
lignin carbohydrate complex have pores large enough for the individual enzymes to move 
through in order to reach the cellulose; the number of these pores also affects the effectiveness of 
the enzyme’s degradation ability. Both the number and sizes of the pores within the overall 
ultrastructure of lignocellulosic biomass are referred to as its porosity. Since these pores can also 
allow biological agents such as cellulose degrading fungi or chemical agents access to degrade 
the cellulose, the overall porosity of the lignocellulosic biomass is another component of the 
biomasses’ recalcitrance, or resistance to breakdown 21,27,34. Additionally, the enzymes that 
convert cellulose to glucose are only active if they are actually adsorbed onto the cellulose, thus 
if they sorb onto the lignin coating of cellulose microfibril ultrastructures, they are ineffective. 
The lignin contributes to the recalcitrance of cellulose by being physically bound to and 
surrounding the cellulose. Not only does this lignin coating protect the cellulose from outside 
degradation agents initially by shielding the cellulose, but the porosity of this lignin shield also 
determines what can physically bind to the cellulose, as well as where it will bind, and controls 




Figure 4. 3: SEM images of surface willow fibers: Control (A), 25 kGy (B), 100 kGy (C), and 
300 kGy (D) (Gryczka, U. et al. 2014) 34. 
 
 
Due to the link between porosity and cellulase accessibility to cellulose, which in turn 
can affect glucose yields, the overall porosity and average pore size of biomass are two potential 
factors that can affect the overall glucose yield released during enzymatic hydrolysis. The use of 
irradiation on lignocellulosic biomass has been shown by other studies to affect the physical 
structures and properties of the polymers within the lignin carbohydrate complex 32–35. Gryczka 
et al. looked at willow fibers after EB irradiation using a Scanning Electron Microscopy (SEM) 
and used an XRADIA Micro XCT-400 X-ray microcomputer tomography system to measure the 
changes to the 3D structure of the fibers. After irradiation, the fibers of the external layer, the 
layer that the EB has the most impact on, are cleaved and the fibers no longer appear smooth 34. 
Visible changes to the morphology of the willow fibers can be seen with just 25 kGy of 
irradiation, a rather low irradiation dose compared to those used within this study. At the 300 
kGy dose, the destruction of the cell wall can also be visualized by the increased roughness of 
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the cell wall and increased porosity  (Figure 4.3) 34. These SEM images were then used to 
measure and model the porosity and average pore diameter of the willow samples. Though the 
overall porosity does not seem to change with increasing irradiation dose, the average diameter 
of these pores increased with increasing dose (Figure 4.4A). The cell wall structures surrounding 
existing pores appear to be degraded after EBI. Some samples experienced degradation between 
two initially separate pores leading to the amalgamation of several smaller pores into one larger 
pore, thus increasing the overall pore diameter size 34. The same study found that the average 
pore diameter at 300 kGy of irradiation was over 140	Å, which is significantly larger than the 
diameter of natural woody cell wall pores, which was only 51 Å 34. The overall surface area of 
the fibers was also found to increase with increasing dose of irradiation (Figure 4.4B) 34. This 
increase in surface area most likely comes from the degradation of cell walls upon EBI with 
lignin and hemicellulose becoming disassociated from cellulose. Larger pores and increased 
surface area can both help improve the cellulase enzymes ability to access cellulose.  
 
 
Figure 4. 4: Average pore diameter of willow samples treated with different EBI doses (A); 
Surface area of willow samples treated with different EBI doses (B) (Gryczka, U. et al. 2014) 34. 
The size of the surface area and pores were measured using a combination of Scanning Electron 
Microscopy (SEM) and used an XRADIA Micro XCT-400 X-ray microcomputer tomography 




The primary objective of the enzymatic hydrolysis study performed here was to measure 
the effect that different doses of EB irradiation have on the enzymes’ ability to hydrolyze 
cellulose into glucose over time and determine whether the effect varied among the three 
different dose rates at which the willow was treated. To do this, commercially available enzyme 
cocktail mixtures of cellulases and hemicellulases were added to the ground willow to release the 
monomeric sugars glucose and xylose from cellulose and hemicellulose, respectively. The 
ultimate objective of generating glucose from cellulose is for the glucose to then be converted 
into other valuable products, such as ethanol. It is hypothesized that the glucose concentration 
will increase over time with enzyme treatment and total irradiation dose as has been seen in 
previous studies, as more of the willows’ recalcitrance is reduced with increasing time and 
increasing dose. The hemicellulases were added to the enzyme mixture with the primary purpose 
of helping to remove the hemicellulose protective sheath that helps protect the cellulose from 
cellulase enzymes. The amount of xylose is also hypothesized to increase with increasing dose as 
a previous study has shown 4. In this study the glucose and xylose concentrations were measured 
by H1 NMR. The α anomers of the two sugars were measured from H1 NMR data, as the peaks 
for the b anomers overlap with the nearby water peak. 
 
Experimental 
Enzymatic hydrolysis was performed on non-pretreated and EB pretreated ground, 8 
mesh willow. The wet willow biomass was dried in an oven overnight at 105oC. A mass of 200 
mg of dry willow was weighed out for each sample. A solution of 7.5 mL of 0.1 M citrate buffer 
(pH 4.8) and two commercially available enzyme mixtures from the biotechnology company 
Novozymes: Cellic CTec2 (225 μL) and Cellic HTec2 (75 μL) per each sample was prepared. 
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Two antibiotics, cyclohexamine (45 μL) and tetracycline (60 μL), were added to the enzyme 
mixture to ensure no bacteria could survive within the wood samples and that the enzymes were 
the only acting force on the degradation of the wood particles. Enough DI water was added to the 
solution to dilute the total solution volume for each sample to 14 mL. The samples were capped 
and placed in a rotary incubator at 50oC, as 50oC was suggested by the manufacturer of the 
enzymes as the temperature for optimal enzyme activity. At each time of sampling ,700 μL of 
solution was filtered through 0.2 μm nylon filters and 500 μL of the filtered solution was added 
to 5mm NMR tubes. A 55 μL aliquot of 0.1M glucosamine in D2O was added to each sample as 
the internal standard. Samples were analyzed using a 600 MHz H1 NMR procedure developed by 
Kiemle et. al. to measure polysaccharides in wood 56. Data were analyzed using TopSpin 3.5 
software. The same procedure used for willow was used for alternative samples, such as pure 
cellulose. All samples were dried in an oven overnight at 105oC, and a dry mass of 200 mg was 
used for each sample so comparisons could be made.  
The molarity of glucose and xylose produced per sample was calculated based on a 
standardized reference peak using the values of the integrated NMR peaks for the beta anomers 
of the glycosidic proton peak multiplied by the ratio of alpha to beta anomers in solution 18. 
Then, the grams of glucose produced within each sample were found based on the previously 
found molarity. An example of this for glucose can be seen in Equation 4.1. The percent 
conversion of each sugar was then found so the values of each sugar could be compared. These 
were found by dividing the grams of each sugar by the average weight of willow samples (0.203 
g) multiplied by the percent composition of cellulose (44%) or hemicellulose (19%) for glucose 
and xylose respectively, as determined from thermogravimetric analysis for the control, ground 
willow wood (Equation 4.2). It should be noted that the percent cellulose and hemicellulose used 
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were determined from the control willow sample, whereas results from Chapter 3 indicate that 
the percent composition of the willow may alter with total EB dose as the polysaccharides may 
degrade upon irradiation. Thus, the percent conversion is an estimate from the control, and may 
be underestimating the percent conversion after irradiation.  
 
Equation 4.1 
0.1	%	&	55	()	&	[+,-./012]	&	0.63	&	 1500	() 	&	0.015	)	&	180.16	//892 = /	/2(;9<. 
 
Equation 4.2  
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Results 
The enzymatic hydrolysis experiment only had one reference (glucosamine) and, thus, 
the method used in Chapter 5 to determine outliers based on comparing the two standards was 
unavailable for this experiment. Initially a few of these sugar peaks were flagged as potential 
outliers and determined if they fell outside three standard deviations of the mean for all the 
values of that sugar. However, it soon became apparent that the different doses, dose rates, and 
time intervals all followed different trends and, thus, comparing an average of all of three 
variables was deemed unsuitable. Instead, there was not considered to be enough data to 
determine outliers, and all data were included. Given more time, additional trials should be 
completed so that there is enough data at each dose and dose rate at each time point to be able to 




Figure 4. 5: A full sample H1 NMR spectrum for an EH experiment at time 72 hours (A), and a 
zoomed in area showing the presence of a glucose peak at 5.2 ppm and the presence of a xylose 
peak at 5.1 ppm (B). The glucosamine reference peak and another sugar, sucrose, can be seen at 





Saccharification utilizes the ability of enzymes to convert the cellulose into glucose via a 
process known as enzymatic hydrolysis. The enzyme mixture of Cellic CTec2 and Cellic HTec2 
used to perform this enzymatic hydrolysis was expected to produce two monomeric sugars: 
glucose produced from cellulose and xylose produced from hemicellulose. A sample NMR 
spectrum that shows the presence of glucose and xylose is shown above (Figure 4.5), proving 
that both sugars were successfully produced. The two Cellic enzyme mixtures used have 
different optimal operational temperatures. Since the main sugar of interest for biofuels is 
glucose fermentation into ethanol, the optimal temperature for the CTec2 cellulase enzymes 
(50oC) was chosen to perform the enzymatic hydrolysis under. To verify the HTec2 
hemicellulase was able to perform 20oC below its optimal temperature (70oC), an enzymatic 
hydrolysis with just HTec2 on maple xylan powder (donated by the Bioprocesses and Paper 
Engineering department at SUNY ESF) was performed at 50oC. The noticeable xylose peak 
observed after 24 hours proved that the hemicellulase enzyme was both able to effectively 
convert hardwood xylan into xylose, and that this process was successful at 50oC (Figure 4.6A). 
The hemicellulase enzyme used was also believed to have a small amount of cellulase activity, 
so an additional enzymatic hydrolysis on cellulose powder was performed with HTec2 at 50oC. 
The noticeable glucose peak observed after 24 hours proved that the HTec2 commercial enzyme 
mixture had some cellulase activity (Figure 4.6B). Therefore, not all glucose produced in future 
enzymatic hydrolysis experiments using both CTec2 and HTec2 will be the result of the CTec2 
cellulase enzymes exclusively.  
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Figure 4. 6: H1 NMR spectra after 24 hours of an enzymatic hydrolysis performed with Cellic 
HTec2 enzyme mixture on maple xylan powder (A) and cellulose powder (B). The two 
hydrolysis experiments released xylose and glucose respectively, the peaks for each are indicated 
with arrows. 
 
Glucose was detected for every sample, including all control and time 0 points. There are 
two potential sources of glucose for the time 0 samples. Glucose was present within the 
commercial enzyme solutions, providing a baseline of glucose in all samples. In addition, the 
initial enzymatic hydrolysis samples took ~2 hours to prepare, so the release of glucose from the 
willow samples themselves could not be ruled out at time 0.  In general, the amount of glucose 
released during enzymatic hydrolysis does not appear to be dependent on overall dose of 
irradiation over the dose range of 0-500 kGy in contrast to previous studies done on other 
lignocellulosic biomass substrates 3,4,27,50. As can be seen in Figure 4.7, the amount of glucose 
released is fairly constant across the range of irradiation doses for all three dose rates. This trend 
can be seen at each time point. Possible exceptions to this constant observation are at the highest 
irradiation doses, 750 and 1000 kGy, for the lowest dose rate, at 72 and 96 hours (Figure 4.7). A 
similar effect may also have occurred at these high overall irradiation doses for the lowest dose 
rate for the 24 and 48 hour time points, although the differences in the glucose levels observed 
A B 
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are smaller and make it difficult to verify if this was an actual trend or just variability within the 
data. The two highest doses of total irradiation (750 and 1000 kGy) were only available for the 
lowest dose rate of irradiation making it impossible to say for sure if it is the overall dose or the 







Figure 4. 7: Plots comparing the amount of glucose released during enzymatic hydrolysis (EH) at 
times 0, 24, 48, 72, and 96 hours for each total irradiation dose of willow for the three dose rates 
of irradiation (low: 0.695 kGy/hour - green, intermediate: 0.1 kGy/second - blue, and high: 50 




The constant amount of glucose released from cellulose across a range of total irradiation 
doses was not anticipated, as previous experiments had shown that the glucose increased with 
total irradiation dose, as well as time 3,4,27,39. Two parameters were altered in the enzymatic 
hydrolysis experiments performed in this study compared to previous research: 1) the presence 
of hemicellulase enzymes, and 2) the presence of bark. Due to the small diameter of shrub 
willow, the bark is not removed during harvest and, thus, the ground willow used throughout this 
experiment contains bark. The other two hardwoods that have shown glucose to increase with 
increasing irradiation dose, maple and poplar, had been debarked prior to EBI 4,27. Two control 
enzyme hydrolysis experiments were performed to determine if the presence of the hemicellulase 
enzymes, or the bark, were affecting the cellulases ability to produce glucose. A control 
enzymatic hydrolysis experiment using only cellulose fibers (medium) from Sigma-Aldrich was 
performed in triplicate with and without the addition of hemicellulase enzymes to the cellulase 
enzyme mixture (Figure 4.8). A t-test was performed on this data, and the presence of the 
hemicellulases had no statistically significant interference on the amount of glucose released 
from cellulase activity. Thus, any negative impacts the presence of hemicellulases may have on 
the cellulase enzymes was ruled out.  
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Figure 4. 8: The relative H1 NMR integrals of glucose released during an enzymatic hydrolysis 
over time using only a Cellic CTec2 enzyme mixture (“Cellulase”) and using both Cellic CTec2 
and HTec2 enzyme mixtures (“Cellulase & Hemicellulase”) on cellulose fibers (medium) from 
Sigma-Aldrich. Errors bars represent one standard deviation from the mean for each set of 
replicates.  
 
As no willow wood without bark was available, an enzymatic hydrolysis was performed 
on de-barked maple wood with cellulase and hemicellulase enzymes. Both glucose and xylose 
were observed to increase with total irradiation dose for the maple trials, suggesting that the 
presence of the bark in the willow samples is affecting the cellulase enzyme’s ability to release 
glucose (Figure 4.9). In the literature the presence of lignin, which is present in a higher 
concentration in bark than other parts of wood 8, has been shown to block cellulases from 
accessing cellulose. Additionally, cellulases have been seen to sorb onto lignin, rather than 
cellulose, thus rendering the enzyme inactive. Research into the use of surfactants to coat the 
lignin has been done and it was shown that the surfactants can prevent the cellulase enzymes 
from sorbing onto the lignin allowing them to properly bind to cellulose 57,58. As the bark from 
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shrub willow is difficult to remove due to the small diameter of the branches, the use of 
surfactants may be of use in increasing the glucose yield. 
 
Figure 4. 9: The relative integral of glucose and xylose produced over total irradiation doses 0, 
500, and 750 kGy of an enzymatic hydrolysis on de-barked maple wood with Cellic CTec2 and 
HTec2 enzyme mixtures at times 0, 24, 48 and 72 hours. 
 
Figure 4. 10: The amount of glucose produced per total irradiation dose during an enzymatic 
hydrolysis (EH) experiment at times 0, 24, 48, 72 and 96 hours for the lowest dose rate of 
irradiation (0.695 kGy/hour). Errors bars represent one standard deviation from the mean for 
each set of replicates.  
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Although the overall irradiation dose does not seem to have an effect on glucose 
production, the different dose rates of irradiation do seem to have an impact on the amount of 
glucose released for each time sampled. For the lowest dose rate, the amount of glucose 
increases over time (Figure 4.10). This continual increase with time is not seen in the other two 
dose rates, which seem to reach a plateau in the amount of glucose released over time (Figures 
4.11 and 4.12). For the intermediate dose rate, the amount of glucose increases from time 0 to 
time 48 hours for each total irradiation dose. However, after 48 hours the amount of glucose 
produced appears to plateau (Figure 4.11). This plateau could be explained by the enzymes 
reaching a limit in the speed with which they can convert cellulose into glucose. This could be 
dependent on the ability of the cellulases to bind onto cellulose, which is in part dependent on the 
degree of polymerization and crystallinity of the cellulose. However, there does not appear to be 
one fixed limit to the rate of cellulose conversion into glucose, as the amount of glucose (22.4 
mg) produced during the highest total irradiation dose (1000 kGy) at time 96 hours for the lowest 
dose rate is higher than the average amount of glucose (15.9 mg) produced at 96 hours for the 
intermediate dose rate. Instead, the degree of crystallinity or polymerization of the cellulose, 
which is believed to decrease with increased total dose of irradiation, seems to affect the 
maximum rate of cellulase enzymes. The highest dose rate of irradiation appears to increase the 
overall amount of glucose released for the full 72 hours, although the rate of glucose produced 
appears to be slowing after time 48 hours. This suggests that the higher dose rate is approaching, 
but has yet to reach, a similar plateau to that seen with the intermediate dose rate (Figure 4.12). 
The average glucose produced for the highest dose rate at time 72 hours is 13.5 mg, so overall 
less glucose was produced for the highest dose rate of irradiation compared to the other two. 
Debarked maple and poplar, as well as switchgrass, were found to have maximum percent 
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cellulose conversion into glucose values between ~20-25% following irradiation 3,4,27. The low 
(25.0%) and intermediate dose (20.3%) rates fall within this percent conversion range for the 
highest total irradiation dose and time point. The highest dose rate fell just a little below these 
percent conversions at 15.3%. The debarked poplar was found to have ~5% conversion for the 
control sample at time 0 and a maximum percent conversion ~10% at time 96 hours 4. The 
control ground willow was slightly above this (~7%) and was seen to increase over time to (~15-
20%) be comparable with higher irradiation doses.  
Overall, the highest dose rate seems to produce the least amount of glucose of the three 
irradiation dose rates. The lowest and intermediate dose rates release very similar amounts of 
glucose for total irradiation doses 0-500 kGy. The intermediate dose rate does appear to release 
slightly higher amounts of glucose overall compared to the lowest dose rate, but the difference 
between the two dose rates is less than the standard deviation of their mean values. Therefore, 
which dose rate produced the most glucose is difficult to verify. However, the lowest dose rate 
did produce more glucose at total irradiation doses of 750 and 1000 kGy than any of the dose 
rates were able to produce at 500 kGy after time 24 hours. Whether this is due to the lowest dose 
rate, or the higher total doses, is unclear. The initial hypothesis was that the lowest dose rate 
would produce the most glucose and the highest dose rate would produce the least amount of 
glucose due to the density of free radicals within the sample. The highest dose rate did end up 
producing the lowest amounts of glucose. However, the data was too variable to determine if the 
lowest or intermediate dose rate produced the most glucose. More samples should be run to 
determine if the hypothesis was correct, and the lowest dose rate produced the most glucose for 
total irradiation doses 0-500 kGy. If the intermediate dose rate is found to produce more glucose, 
then the current hypothesis is wrong.  
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Figure 4. 11: The amount of glucose produced per total irradiation dose during an enzymatic 
hydrolysis (EH) experiment at times 0, 24, 48, 72 and 96 hours for the intermediate dose rate of 
irradiation (0.1 kGy/second). Errors bars represent one standard deviation from the mean for 
each set of replicates.  
 
Figure 4. 12: The amount of glucose produced per total irradiation dose during an enzymatic 
hydrolysis (EH) experiment at times 0, 24, 48, and 72 hours for the highest dose rate of 
irradiation (50 kGy/second). Errors bars represent one standard deviation from the mean for each 
set of replicates.  
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Overall, the amount of glucose released during this enzymatic hydrolysis was higher than 
the amount of xylose released for all total irradiation doses and time intervals, for all three dose 
rates. Though cellulose is present in a higher amount in the control willow wood sample (44%) 
than hemicellulose (19%), these respective percent compositions were taken into account when 
determining the percent conversion of cellulose to glucose and hemicellulose to xylose, to 
normalize the two. While glucose was detected in every sample tested, this was not the case for 
xylose. Xylose was not detected at any time 0 samples, except the two highest total irradiation 
doses (750 and 1000 kGy) (Figure 4.13). Since the lowest dose rate was the only dose rate at 
which the total irradiation dose reached 750 or 1000 kGy, further experiments should be 
performed at these higher doses for the other dose rates to determine if the total irradiation dose 
or the dose rate is responsible for this effect. For all three dose rates, there is a clear increase in 
xylose released with increasing total irradiation dose, with the xylose released being consistently 
higher for the highest total irradiation dose for all time points (Figure 4.13). This trend was also 
seen in the literature on debarked poplar 4.  
The levels of xylose produced appear to follow the dose rate from highest to lowest for 
all time points, with the highest dose rate producing the most xylose and the lowest dose rate 
producing the least amount of xylose (Figure 4.13). The order of irradiation dose that produced 
the most xylose was the opposite of what was hypothesized and was opposite what was observed 
for glucose. However, the total amount of xylose produced tended to be similar for all three dose 
rates, and with the high variability among the data, it is hard to identify a trend. Further 
experiments for all dose rates, and additional doses of irradiation for the intermediate dose rate 
should be performed to more clearly compare the amount of xylose released for all three dose 
rates. The reason for the observed patter of xylose production is not entirely clear, though it 
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could be due to the temperature of the samples after irradiation. The sample temperature upon 
irradiation is not consistent among the three dose rates, with the highest dose rate (50 
kGy/second) producing more heat within the sample than the lowest dose rate (0.695 kGy/hour), 
which can be irradiated in a pool of water to maintain low temperatures. Hemicellulose is less 
recalcitrant than cellulose, as it is not crystalline, and has been shown to be easily removed 
during traditional pretreatment methods that require high heat, such as hot water extraction. It is 
possible that the heat of the irradiation technique and not the irradiation dose rate itself is causing 






Figure 4. 13: Plots comparing the amount of xylose released during enzymatic hydrolysis (EH) at 
times 0, 24, 48, 72, and 96 hours for each total irradiation dose of willow for the three dose rates 
of irradiation (low: 0.695 kGy/hour - green, intermediate: 0.1 kGy/second - blue, and high: 50 




The effect of hydrolysis time is less clear for xylose than for glucose, and it may depend 
on total irradiation dose. For the lowest dose rate, the amount of xylose produced seems to 
increase over each 24 hour time interval for the two highest total doses (750 and 1000 kGy), but 
may begin to plateau after time 48 hours for the 0-500 kGy total doses (Figure 4.14).  The xylose 
levels for the intermediate and high dose rates also differ more by time at higher total irradiation 
doses, though the variability in the data make it less clear whether there is a time trend or not 
(Figures 4.15 and 4.16). For the highest dose rate, the amount of xylose seemed to increase over 
time for the higher total irradiation doses (200-500 kGy). However, for the control (0 kGy) and 
100 kGy sample at the highest dose rate, the amount of xylose actually appeared to decrease 
from time 48 to 72 hours. Though this could simply be due to variation in the data and not an 
actual decrease. For all three dose rates, the amount of xylose released appears to be total dose 
dependent, with the highest overall total doses producing more xylose. Additionally, the amount 
of xylose produced is time dependent, as each total dose of irradiation behaved differently over 
time, with the highest total doses seemingly having the largest difference in the amount of xylose 
produced over time. In contrast, the amount of glucose released was fairly constant with 
increasing total dose but showed a stronger effect over time (Figures 4.10-4.12). Due to these 
differences in the time and dose dependency of glucose and xylose, respectively, it is reasonable 
to believe that the effect on the cellulose and on the hemicellulose after irradiation follow two 
different mechanisms.  
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Figure 4. 14: The amount of xylose produced per total irradiation dose during an enzymatic 
hydrolysis (EH) experiment at times 0, 24, 48, 72 and 96 hours for the lowest dose rate of 
irradiation (0.695 kGy/hour). Errors bars represent one standard deviation from the mean for 
each set of replicates.  
 
 
Figure 4. 15: The amount of xylose produced per total irradiation dose during an enzymatic 
hydrolysis (EH) experiment at times 0, 24, 48, 72 and 96 hours for the intermediate dose rate of 
irradiation (0.1 kGy/second). Errors bars represent one standard deviation from the mean for 
each set of replicates.  
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Figure 4. 16: The amount of xylose produced per total irradiation dose during an enzymatic 
hydrolysis (EH) experiment at times 0, 24, 48, and 72 hours for the highest dose rate of 
irradiation (50 kGy/second). Errors bars represent one standard deviation from the mean for each 
set of replicates.  
 
 
 Overall, the maximum percent conversion to xylose (3-9%) was lower than the maximum 
percent conversion of glucose (~25%). The low percent conversion to xylose values were 
surprising since the maximum percent xylan conversion for debarked poplar in the literature was 
reported to be 34%, and was found to be higher than the maximum percent cellulose conversion 
(21%). Additionally, the percent xylan conversion for the control poplar was found to be the 
same as the percent cellulose conversion (10%) 4, which is higher than even the maximum value 
found in this experiment.  Chapter 3 found that the overall composition of the willow after EBI 
did appear to change, with hemicellulose and cellulose appearing to degrade with increasing total 
irradiation dose. It could be possible that the assumption made in the calculation for determining 
percent conversion of both cellulose and hemicellulose is wrong and is what is responsible for 


















Due to a rising interest in finding viable alternative fuel sources, ethanol production has 
become of great interest 1–3. One of the primary sources of biofuel in the U.S. initially was corn-
derived ethanol 1. However, as it became obvious that corn-based ethanol was reaching its 
threshold for growth, and the economic, environmental, and net energy tolls of corn-based 
ethanol (Discussed in Chapter 1) became more known and controversial, an interest in alternative 
ethanol sources grew 1,2,4,5. One alternative to corn-based ethanol that caught the attention of 
many was cellulosic-based ethanol from lignocellulosic biomass 4. Among the possible 
lignocellulosic biomass options shrub willow became a promising replacement as discussed in 
Chapter 1 6.    
 
Figure 5. 1: Schematic of biofuel production in second generation biorefineries. 
 
Within biorefineries the polysaccharide components of lignocellulosic biomass are 
broken down into their sugar building blocks that are then converted into ethanol via 
fermentation for fuel production or industrially valuable chemicals (Figure 5.1) 1. A major 
hindrance in using willow and other second-generation biomass for renewable fuel is the high 
energy required to breakdown the lignocellulosic biomass into its component sugars. Biofuels 
are made from the fermentation of sugars to ethanol. These fermentable sugars come from the 








material into the individual, or monomeric, sugars 1. The polysaccharide present in first 
generation biomass feedstocks, primarily corn, is starch. Starch is easily accessible within the 
plant to chemical or biological hydrolysis reagents that can break it down into its fermentable 
sugar components because it is water soluble 1. In the case of lignocellulosic biomass, water 
insoluble cellulose rather than starch is the polymer source for fermentable sugars. 
Lignocellulosic biomass is considered to be recalcitrant, or resistant to breakdown, due to both 
the nature of cellulose and the presence of hemicellulose and lignin. Due to the recalcitrance of 
lignocellulosic biomass, some sort of pretreatment method within biorefineries is needed to 
disrupt both the crystallinity of the cellulose itself and the lignin-hemicellulose structure around 
cellulose to allow better accessibility of the hydrolysis reagents to the cellulose 1,4,5 (Figure 5.2).  
 
Figure 5. 2: Depicts the ultrastructure of lignocellulosic biomass and how cellulose, 
hemicellulose and lignin bind together in the lignin carbohydrate complex (LCC). Also depicts 
the goal of pretreatment to break apart the LCC and to reduce recalcitrance for ease of secondary 
treatment of biomass (Tissot, C. et al. 2013) 5. 
 
The ultimate goal of pretreatment methods for the use of lignocellulosic biomass for 
biofuels is to increase the yield of sugars from the degradation of cellulose, while minimizing 
byproducts that can inhibit fermentation. The degradation of cellulose can be done biologically 
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or chemically. The biological process after pretreatment is known as enzymatic hydrolysis, 
which was discussed in the previous chapter. The three biggest disadvantages of chemical 
pretreatment methods at the moment are: 1) the high energy usage which ultimately reduces the 
net energy balance of the renewable fuel produced, 2) the environmental, health, and waste 
treatment concerns that arise from the use or production of hazardous chemicals, and 3) the 
creation of fermentation inhibitors. Both hazardous chemicals and fermentation inhibitors can be 
created within other traditional chemical pretreatment methods. The traditional chemical 
pretreatment methods, like hot water extraction, steam explosion, or alkali, acidic, or 
organosolvent based extractions tend to occur at high temperatures and/or pressures and can also 
have extreme pH values. These high temperatures and solvent usage can lead to the formation of 
fermentation inhibitors, such as furfural and hydroxymethylfurfural (Figure 5.3) 
 
Figure 5. 3: Reactions conditions for 5 and 6 carbon sugars to be converted into fermentation 
inhibitors furfural, hydroxymethylfurfural (HMF), dimethylfurfural (DMF), and methylfurfural 
(MF) (Wang, J. et al. 2014) 59.  
 
A common practice in the creation of biofuels is to ferment the sugars released from 
lignocellulosic biomass via enzymatic hydrolysis into ethanol via S. cerevisiae, more commonly 
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known as yeast. Furfural and hydroxymethylfurfural are known yeast fermentation inhibitors. 
Irradiation via EB under ambient conditions was expected to be a pretreatment method that 
would not create these inhibitors due to the lack of high temperatures and solvents in EB 
pretreatment. One study monitored these two known fermentation inhibitors after EB irradiation 
on lignocellulosic biomass to verify this hypothesis 32. Neither of the inhibitors were detected, 
meaning that either the inhibitors are not produced or are produced in negligible amounts during 
EB irradiation 32. 
 For this study, a process known as Simultaneous Saccharification and Fermentation 
(SSF) was performed to determine the ability of willow wood to produce ethanol after EB 
irradiation. The effects that total dose and time of SSF have on the amount of ethanol produced 
were compared for three dose rates of EB irradiation. Within an SSF experiment, glucose must 
first be released from the cellulose substrate to become available for the yeast to ferment and 
convert into ethanol. Therefore, the SSF must accomplish two chemical conversions within one 
solution simultaneously. The cellulose must first be converted into glucose via an enzymatic 
hydrolysis procedure as reported in Chapter 4. At the same time, yeast is available within the 
solution to ferment the newly available glucose into ethanol. Here, both the glucose and ethanol 
were measured using H1 NMR analysis. Due to the presence of a water peak in the middle of the 
spectra that alters the baseline and skews peaks, two separate references were used for each side 
of the water peak. As in the previous enzymatic hydrolysis experiment, only the α anomeric 




Simultaneous saccharification and fermentation (SSF) was performed on non-treated and 
EB treated willow powder. The willow was dried overnight in an oven at 105oC and a dry weight 
of 400 mg of willow was used for each trial. A mixture of the enzyme solution and nitrogen-
based yeast nutrient was used to perform the SSF treatment. The same concentrations for the 
enzyme solutions that were used during the enzyme saccharification treatment in Chapter 4 were 
used for the SSF treatment, only scaled up to for the higher sample mass and to allow for more 
trials to be completed at one time. A volume of 270 mL of citrate buffer (pH of 4.8), 8100 µL of 
Cellic CTec2, and 2700 µL Cellic HTec2 were mixed and diluted with 270 mL of DI H2O to 
make up the needed enzyme solution. A yeast nutrient solution was made by dissolving 13.802 g 
of nitrogen-based yeast nutrient in 1 L of DI H2O and autoclaved for sterilization. 72 mg of red 
ethanol yeast (Fermentis) were suspended in 75 mL of DI H2O and shaken until the yeast were 
suspended throughout the solution, which was verified by a consistent milky white color 
throughout the solution as opposed to the initial clear mixture with suspended aggregates of 
yeast. A solution of the enzymes (150 mL), the yeast nutrient (108 mL), and the yeast solution 
itself (42 mL) were mixed together for each trial of 6 samples. 40 mL of this yeast, enzyme, and 
nutrient solution was then added to each sample of 400 mg of ground willow in a 125 mL 
Erlenmeyer flask. These flasks were placed in an incubator at 37oC and capped with u-tubes 
filled with DI H2O to trap CO2 gases within the solutions to maintain anaerobic conditions for 
the yeast to ferment under optimal conditions. Samples were taken for analysis (710 µL) and 
filtered through a 0.2 µm nylon filter at 0, 24, 48, and 72 hours. 55 µL of a 0.5 M trimethylamine 
(TMA) and 0.1 M glucosamine (Glcn) standards were added to a 500 µL aliquot of the filtered 
sample solution. The filtered extractions were analyzed on a 600 Hz NMR for H1 spectra.  
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The molarity of glucose and xylose produced per sample was calculated based on a 
standardized Glcn reference peak using the values of the integrated NMR peaks for the beta 
anomers of the glycosidic proton peak multiplied by the ratio of alpha to beta anomers in 
solution 18. Then, the grams of glucose produced within each sample was found based on the 
previously found molarity. An example of this for glucose can be seen in Equation 5.1. The 
percent conversion of each sugar was then found so the values of each sugar could be compared. 
These were found by dividing the grams of each sugar by the average weight of willow samples 
(0.402 g) multiplied by the percent composition of cellulose (44%) or hemicellulose (19%) for 
glucose and xylose respectively, as determined from thermogravimetric analysis for the control, 
ground willow wood (Equation 5.2). It should be noted that the percent cellulose and 
hemicellulose used were determined from the control willow sample, whereas results from 
Chapter 3 indicate that the percent composition of the willow may change, as evidenced by 
TGA, with total EB dose. The amount of ethanol produced was calculated in a similar manner to 
the sugars, expect that the TMA reference was used instead of the Glcn reference (Equation 5.3). 
A percent conversion to ethanol was also found using the percent composition of cellulose.  
 
Equation 5.1  
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Equation 5.2  
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Figure 5. 4: Sample H1 NMR spectrum for an SSF experiment at time 0 hours, showing the 
presence of a glucose peak at 5.2 ppm (A) and the lack of an ethanol peak at 1.1ppm. A water 






Figure 5. 5: Sample H1 NMR spectrum for an SSF experiment at time 72 hours, showing the lack 
of a glucose peak at 5.2 ppm and the presence of an ethanol peak at 1.1ppm (C). The two 
standards, glucosamine (A) and trimethylamine (B), are also seen at 5.4 and 2.8 ppm 
respectively.  
 
For the SSF experiments two separate references (trimethylamine and glucosamine), one 
per each side of the spectra/water peak (Figure 5.4), were used as the internal standard. Two 
internal standards were required for the SSF as opposed to the EH experiment, due to the peaks 
of interest being on either side of the water peak (Figure 5.4) which, due to the wide, 
asymmetrical shape of the peak, that can vary in size on a day-to-day basis and alters the level of 
the baseline. Glucosamine (5.4 ppm) was the same internal standard used previously in the EH 
experiments used to quantify the sugar peaks (Figure 5.5). The second reference, trimethylamine 
(2.8 ppm), was used as the internal standard for determining the height of the ethanol peak, or the 
peak to the right of the water peak (Figure 5.5). Since two compounds were included in the 





the data. The means of the reference data from each internal standard were found and any points 
outside three standard deviations from the mean were considered outliers. This process was 
repeated once more with the new mean. Overall a total of five samples out of 54 samples were 
flagged as outliers for reference peak glucosamine (5.4 ppm). The same method for determining 
outliers was used for the reference peak trimethylamine (TMA, 2.8 ppm) and the same five 
outliers were found. All five of these internal standard data points, and their corresponding sugar 
and ethanol peaks were removed from the data set before continuing analysis. It should be noted 
that all five points were from the highest dose rate data.  
 
Figure 5. 6: The grams of glucose available in the solution for each total dose of irradiation and 
dose rate of irradiation at time 0 hours during an SSF experiment. Errors bars represent one 
standard deviation from the mean for each set of replicates.  
 
 
During the SSF experiment, glucose was only observed at time 0 (Figure 5.6). However, 
due to the presence of glucose throughout the enzymatic hydrolysis experiment, it is believed 
that glucose is still being produced and/or present in the solution throughout the 72-hour 
 104 
experiment (Figure 5.6-5.9). Therefore, the yeast appears to be active enough that it is able to 
convert the glucose present in solution into either ethanol or an intermediate compound as soon 
as the glucose is produced, leading to the lack of glucose seen beyond time 0 hours. As the 
experimental time increased and the amount of glucose produced increased, the yeast seems to 
have become more active to handle the fermentation of this increased glucose concentration.  
It has been shown in the literature that the overall ethanol produced during an SSF 
experiment is higher than the amount of ethanol produced from enzymatic hydrolysis and 
fermentation performed separately, despite the slight difference in optimal experimental 
conditions for the two reactions 60,61. Thus, it was expected that the same trends seen during that 
enzymatic hydrolysis experiment would apply to the enzymatic hydrolysis portion of the SSF 
experiment, despite the presence of the yeast or the slight alteration of experimental conditions. 
In the enzymatic hydrolysis data discussed in Chapter 4, it was shown that the glucose does not 
increase with increasing irradiation dose, but that it could increase with time until some sort of 
plateau was reached. The glucose produced during the SSF experiment at time 0 hours is 
consistent with this finding, as the amount of glucose produced does not appear to correlate with 
overall radiation dose (Figure 5.6). During the enzymatic hydrolysis experiment, the glucose was 
seen to increase over the whole time period for the lowest dose rate. After time 48 hours was 
reached for the fast and intermediate dose rates, the level of glucose produced appeared to begin 
to plateau. As ethanol comes from the glucose produced during EH, similar trends in the ethanol 
concentrations were predicted. However, this was not what was observed.  
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Figure 5. 7: The grams of ethanol produced for each total dose of irradiation and dose rate of 
irradiation at time 24 hours during an SSF experiment. Errors bars represent one standard 
deviation from the mean for each set of replicates.  
 
Figure 5. 8: The grams of ethanol produced for each total dose of irradiation and dose rate of 
irradiation at time 48 hours during an SSF experiment. Errors bars represent one standard 




Figure 5. 9: The grams of ethanol produced for each total dose of irradiation and dose rate of 
irradiation at time 72 hours during an SSF experiment. Errors bars represent one standard 
deviation from the mean for each set of replicates.  
 
Ethanol was indeed produced during SSF experiments, and was observed from time 24 
hours onwards, showing that the yeast fermentation was successful (Figures 5.7, 5.8, and 5.9). 
The amount of ethanol produced increased over time for all but the highest dose rate of 
irradiation. When all three dose rates were combined an overall increase in the ethanol produced 
from time 48 hours to time 72 hours was observed. This was not anticipated since the glucose 
during enzymatic hydrolysis alone seemed to reach a plateau by 48 hours for the intermediate 
and high dose rates. The difference in which time points the ethanol increases versus the time 
points the glucose increases during EH, suggests that there might be a time delay in the 
conversion of glucose to ethanol of about 24 hours. If the SSF experiment was allowed to 
continue for a longer period of time, the amount of ethanol may also plateau as its source 
component, glucose, plateaus. Another experiment that lasts longer should be conducted to test 
this hypothesis. Since the overall amount of sugars released has been shown to increase over 
 107 
time in the enzymatic hydrolysis experiment, it is believed that the increased ethanol production 
over time is caused by the increased sugar yields and not based on an increased fermentation rate 
of the yeast. 
 
Figure 5. 10: The grams of ethanol produced for each total dose of irradiation for the lowest dose 
rate (0.695 KGy/hour) throughout the duration of an SSF experiment. Errors bars represent one 







Figure 5. 11: The grams of ethanol produced for each total dose of irradiation for the 
intermediate dose rate (0.1 KGy/second) throughout the duration of an SSF experiment. Errors 
bars represent one standard deviation from the mean for each set of replicates.  
 
 
Figure 5. 12: The grams of ethanol produced for each total dose of irradiation for the highest 
dose rate (50 KGy/second) throughout the duration of an SSF experiment. Errors bars represent 





Which dose rate produces the most ethanol seems to be dependent on time and overall 
irradiation dose (Figures 5.10 – 5.15). The data for these trials is rather variable and can have 
large error bars which makes it hard to determine if the observed trend in ethanol production is 
genuine or if abnormal data points are merely skewing the averages. For initial times (24 hours) 
the highest dose rate appears to have the highest amount of ethanol produced (Figure 5.7). This 
generally matches the trend in the EH, for which the highest dose rate produced the most glucose 
at time 0 hours. As the overall dose and time of the SSF experiment increase, the lowest dose 
rate appears to begin to produce the most ethanol, with the lowest dose rate even producing more 
ethanol initially than the highest dose rate for the 500 kGy sample (Figure 5.15). However, the 
lowest dose rate does not produce the most glucose during these same times and overall doses for 
the EH experiments. In fact, on average the intermediate dose rate appears to produce the most 
glucose for the highest percentage of overall doses and time points. The reason for this difference 
between the amount of glucose produced and ethanol produced for certain time points has yet to 
be verified, but the current hypothesis is the presence of a time delay between sugar release and 
yeast fermentation to produce ethanol. It should be noted that potential outliers for the EH 
experiments were left in the data set, since no method for determining outliers was determined, 
so these variations could be due to effects the potential outliers have on the averages. 
Additionally, the willow particles themselves were variable, as they varied in size, coloration, 
and composition, so the effects on trends could simply be caused by the underlying variability in 
the wood sample itself. Another unexpected finding was that the amount of ethanol actually 
appeared to decrease between times 24 and 48 hours for the highest dose rate, despite the 
apparent increase in the amount of glucose produced during this same time period during the 
enzymatic hydrolysis. This decrease appears more pronounced at the lower total overall 
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irradiation doses (Figures 5.12 and 5.13). In fact, the amount of ethanol produced is almost 
constant for the 300 and 500 kGy total doses for the highest dose rate (Figures 5.14 and 5.15). 
The reason for the decrease in ethanol produced for the highest dose rate only, or why it varies 
with overall irradiation dose has yet to be determined. 
 
Figure 5. 13: The grams of ethanol produced for each dose rate of irradiation and time for 0 
KGy, or control samples. Errors bars represent one standard deviation from the mean for each set 




Figure 5. 14: The grams of ethanol produced for each dose rate of irradiation and time for 
samples irradiated for a total of 300 kGy doses. Errors bars represent one standard deviation 
from the mean for each set of replicates.  
 
Figure 5. 15: The grams of ethanol produced for each dose rate of irradiation and time for 
samples irradiated for a total of 500 kGy doses. Errors bars represent one standard deviation 
























Overall, this study produced many preliminary results focused on the effect of total 
irradiation dose and irradiation dose rate on willow biomass for use in biofuels. However, due to 
the high variability in the data, certain trends such as the effect of dose rate were hard to 
determine with statistical confidence. More total irradiation doses for the intermediate dose rate 
should be added to help verify suspected trends. Additionally, only one dose rate was extended 
to high total doses of 750 and 1000 kGy, which made it impossible to determine whether the 
observations for these two points were caused by the higher total dose or by the lower dose rate 
were. Ultimately more trials for all points should be done. Also, the use of two internal standards 
for the enzymatic hydrolysis should be included so that the ability to identify and remove outliers 
is optimized, tempering some of the natural sample variability of the willow chips themselves. 
Smaller standard deviations will better allow for the ability to separate trends and to determine 
with more confidence which dose rate had the greatest effect.  
 
Percent Composition 
 The calculations used for determining the percent conversion of glucose, xylose, and 
ethanol in Chapters 4 and 5 were based on the assumption that the percent composition of the 
wood for all total doses and dose rates remained the same as the non-irradiated control. Though 
the effect of irradiation on the willow composition appeared to be minor, as discussed in Chapter 
3, the percent composition of hemicellulose and cellulose were difficult to determine by 
thermogravimetric analysis (TGA), as the peaks broaden and shift to have significant overlap, 
especially at higher total irradiation doses. More work should be done in this area to optimize a 
method for the determination of percent composition of both irradiated and pretreated willow. 
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Equations 4.2 and 5.2 defined in Chapters 4 and 5 should be re-evaluated after this optimization 
to improve confidence in the percent glucose and xylose conversions. Additionally, bark is 
known to have both lignin and polyphenolic compounds, which appear within the same 
temperature region as lignin during TGA. More research should be done to determine the percent 
composition of lignin vs. polyphenolic for both the willow, before and after irradiation, and the 
willow bark, to more accurately understand the effects of lignin and polyphenolics on enzyme 
inhibition. The ability to distinguish lignin from polyphenolics may also clarify the effect 
radiation has one lignin content.  
 
The Effect of Bark 
 Due to the narrow diameter of the stems of the willow and the difficulty in removing bark 
during harvesting 6, willow wood still contains bark unlike most other woods use for biofuels. It 
was found during the enzymatic hydrolysis experiment discussed in Chapter 4 that the amount of 
glucose released did not increase with increasing total irradiation dose for all three dose rates, 
unlike what was previously found for debarked maple and poplar woods 4,27. It was hypothesized 
that the presence of the bark, which is high in lignin and polyphenolics, known cellulase 
inhibitors 1,21,24,39,53–55, was the cause for this unexpected result. Other studies have shown that 
certain surfactants can coat lignin and prevent this inhibition 21,57,58,61, suggesting a possible 
solution for this inhibition. However, more research needs to be done regarding the effectiveness 
of these surfactants on willow bark, as well as the presence of any fermentation inhibitors these 
surfactants may have or create. Additional research could also determine if the presence of 
polyphenolics or lignin within the bark is the cause of the inhibition.  
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 Though the dose rates were difficult to compare with much statistical confidence due to 
the high variability, the intermediate dose rate was the most frequent dose rate to appear to have 
the largest effect on many of the of parameters measured within this study. This contradicts the 
previous hypothesis that the lowest dose rate would have the greatest effects. However, many of 
the studies this hypothesis was based on were done on isolated cellulose, rather than whole 
lignocellulosic biomass 62,63. A new hypothesis has been formulated, suggesting that the presence 
of bark high in lignin and polyphenolics may be the cause of this deviation. Lignin and 
polyphenolics have been shown to be natural scavengers of free radicals in order to help protect 
the tree from naturally occurring solar-radiation generated radicals 42,43,51,64. However, irradiation 
has been shown to be able to cause the breakdown of lignin into its model compounds, so lignin 
can be degraded by irradiation 27. It is possible that some sort of free radical threshold must be 
reached to overcome this natural lignin quenching and cause a greater impact on the wood. The 
effect of irradiation dose rate on lignocellulosic biomass may prove to be a non-linear trend. 
More work to determine the most effective dose rate and the overall impact of the lignin or 
polyphenolics on the irradiation effects should be done.  
 
Yeast Fermentation of Xylose 
 A potential direction for future work, however, should be the conversion of lignin and 
hemicellulose into valuable products to improve the economic competitiveness of biofuels 
compared to traditional fuel sources. Since lignin is a main waste product during paper 
production, alternative uses of lignin have already begun to be well investigated 65–67. Within 
biorefineries, a primary way to increase profit is creating a process to convert the xylose released 
from the hemicellulose into a biofuel itself, or into other potentially valuable products. A few 
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studies have investigated the use of genetically modified yeast (S. Cerevisiae), traditionally used 
to convert glucose into ethanol, for conversion of both xylose and glucose into ethanol 23. 
However, these studies found that though the yeast was able to convert xylose into ethanol when 
grown on pure xylose media, the ability to convert xylose in the presence of glucose from 
lignocellulosic biomass was limited 23. In fact, the genetically engineered yeast was found to 
only be able to convert xylose into ethanol only when the glucose concentrations were low 23, 
which is typically the opposite goal of biorefineries.  
 
Algal Biofuels  
Another way to convert xylose into biofuels that has been gaining more interest is the use 
of algae to create bio-lipids, or “microbio-diesel.” Use of fatty acids, or vegetable oils, to create 
biofuels is already used, and is a common energy source, in Europe 68,69. However, the use of 
fatty oils from algae is now becoming a promising alternative. Algae is able to produce higher 
quantities of biomass and lipids more quickly than traditional biofuel energy crops 69–72. Algae 
have an advantage over traditional energy crops in that they can be grown in vats indoors and, 
therefore, do not interfere with the food supply or farm land 71. In fact, one study has shown that 
when grown heterotrophically, rather than photosynthetically, the algae species Chlorella 
protothecoides could produce cells that were 55.2% lipids 70. These lipids or fatty acids are 
traditionally turned into biofuels during a transesterification process that typically uses acid or 
alkali methods. However, a more environmentally friendly approach using enzymes to perform 
this transesterification process has been found that even allows for the easy removal and 
recyclability of the enzymes for future transesterifications 69,72. One study was even able to 
produce a microbio-diesel yield after transesterification of 98.15% after 12 hours using the 
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environmentally friendly enzymatic transesterification process 69. Though the sugar source used 
to grow these lipids is typically glucose, one study did find that Chlorella protothecoides was 
able to grow on xylose alone in mixed heterotrophic and light conditions 70,73. The same study 
also found that the algae was able to grow on a media combination of both xylose and glucose   
sugars 73. The ability of algae to produce microbio-diesel from xylose is exciting and a promising 
avenue aimed toward biofuel production. However, at the moment, these algae are grown on 
sugar medias, rather than whole lignocellulosic biomass. A major area of focus on future 
research should be on the use of Chlorella protothecoides as an additional treatment allowing the 
separated hydrolysates from hemicelluloses to occur in conjunction with traditional yeast 






















The primary aim of this study was to investigate the effect of irradiation dose rate on 
willow wood and the ability to convert the wood into its monomeric sugars for the production of 
biofuels. Three dose rates were used: 50 kGy/second (high), 0.1 kGy/second (intermediate), and 
0.012 kGy/second or 0.695 kGy/hour (low). There were three initial hypotheses on the effect of 
irradiation on willow biomass:  
1) Higher total doses of irradiation will have a larger effect than lower total 
doses of irradiation for all parameters measured within this study, 
2) The three dose rates of irradiation would have similar effects on the willow, 
varying mostly in the degree of the effect, and 
3) The lowest dose rate (0.695 kGy/hour) would have a largest effect on the 
willow biomass. Since the production of free radicals would be slower for 
lower dose rates, the density of free radicals created within the willow would 
therefore be lower 38. Lower densities of free radicals are expected to last 
longer and, therefore, propagation of the depolymerization reaction would be 
occur for a longer period of time 38,44,63. 
These hypotheses were tested by measuring the effect of total dose and dose rate on the 
solubility, percent composition, degree of polymerization and crystallinity, the amount of 
monomeric sugars produced during enzymatic hydrolysis and, finally, the amount of ethanol 






Initially, the percent composition of the ground willow, including bark, was found. The 
weight percent composition of hemicellulose, cellulose, and lignin in the willow was determined 
to be 19.0%, 44.0%, and 28.9% respectively. The percent ash of the willow samples was 2.2% 
and the percent water within the samples varied from ~5-10% depending on the sample and 
interval since drying occurred. Due to the presence of bark, which is high in lignin, the percent 
composition of the willow samples varied slightly from the values reported for debarked willow 
in the literature. Overall, the percentage of lignin and ash, which are generally higher in bark, 
were higher for these willow samples than the literature values 8. The percent composition of 
hemicelluloses was lower than is typically seen in the literature, and the percent composition of 
cellulose fell within the range of literature values, though was on the higher end.  
 
Pretreatment Effects 
The percent composition of the willow after irradiation was measured using 
thermogravimetric analysis (TGA), which was also able to give insight into the effect irradiation 
has on the crystallization and polymerization of each constituent compound.  This same method 
was used to determine the additional impact that hot water extraction (HWE) and 1% NaOH 
extraction, two common pretreatment methods, have on the composition of the biomass. The 
percent composition after irradiation for all three polymers remained relatively constant for all 
three dose rates despite increasing total irradiation doses. However, the peak temperatures for the 
hemicellulose and the lignin decreased initially from the control vs. irradiated willow, but 
remained relatively consistent for varying total irradiation doses for all three dose rates. The peak 
temperature for the cellulose decreased with increasing total dose for all three dose rates, 
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showing a decrease in crystallinity for all three dose rates with increasing total irradiation dose 
(Table 7.1).  Additionally, the hemicellulose and cellulose peaks broadened with increasing total 
dose, showing a decrease in the degree of polymerization with increasing total dose, for all three 
dose rates. Overall, the intermediate dose rate appeared to have the largest effect on the peak 
temperature of the cellulose, reflecting the degree of crystallinity of the cellulose, though the 
peak cellulose temperature was similar for all three dose rates.  
 
Table 7. 1: Chart summarizing the effect of increasing total dose for cellulose peak temperature 
as measured by TGA after both irradiation and mild hot water extraction (mHWE) following 
irradiation. Each box indicates the change in peak temperature compared to the total dose above. 
Arrow (↓) indicated direction of peak temperature shift, (*) indicated no change, and “C” 
indicates initial, or control, sample the first treatment is compared too. Dose rates are high (H) at 
50 kGy/second, medium (M) at 0.1 kGy/second, and low (L) at 0.695 kGy/hour.  
 Dose Rate Total Dose (kGy) Cellulose Peak Temperature (TGA) 
Irradiation mHWE 
H Untreated 0 C C 
Treated 0 N/A ↓ 
100 ↓ ↓ 
200 ↓ ↓ 
300 ↓ ↓ 
400 ↓ ↓ 
500 ↓ ↓ 
M Untreated 0 C C 
Treated 0 N/A ↓ 
300 ↓ ↓ 
500 ↓ ↓ 
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L Untreated 0 C C 
Treated 0 N/A ↓ 
100 ↓ ↓ 
200 ↓ ↓ 
300 ↓ ↓ 
400 ↓ ↓ 
500 ↓ ↓ 
750 ↓ * 
1000 ↓ ↓ 
 
The percent mass loss, or the solubility, of the willow following HWE and 1% NaOH 
extraction was measured. For all three dose rates the solubility, or percent mass loss, increased as 
the total irradiation dose increased, which supported hypotheses 1 and 2: that higher total doses 
of irradiation would have the largest effect on the biomass, and that the three dose rates of 
irradiation would have similar effects on the willow, just varying in the degree of the effect. A 
mild (105oC) and a hot (160oC) water extraction were both performed on the irradiated willow 
and showed that the effects of the hot water extractions were similar, with the degree of 
hemicellulose removal simply increased for the higher temperature. The intermediate dose rate 
of irradiation seemed to have the largest impact on the percent mass loss after mild hot water 
extraction (mHWE), compared to the other two dose rates. This was not observed for the 1% 
NaOH extraction, for which the lowest dose rate (0.695 kGy/hour) produced the largest percent 
mass loss, and the highest dose rate (50 kGy/hour) produced the lowest percent mass loss. When 
observed using TGA, it was shown that these two extraction techniques had different effects on 
the individual wood constituents which could account for this difference. 
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Additionally, the total percent mass loss was higher for all 1% NaOH extractions, 
including the control, compared to the mHWEs. The hemicellulose was virtually 100% soluble 
in 1% NaOH, whereas the hemicellulose was believed to be only partially soluble by mHWE. 
The more complete removal of hemicellulose after 1% NaOH extraction compared to mHWE is 
one reason for the higher percent mass loss after 1% NaOH. However, the hemicellulose was 
partially soluble during mHWE, and the total percent composition of hemicellulose decreased as 
the total irradiation dose increased. The effects of 1% NaOH and mHWE on cellulose and lignin 
also varied. Both the cellulose and lignin fractions separated into multiple distinct peaks after 1% 
NaOH extraction, whereas the overall peak shape and percent composition of lignin and 
cellulose remained relatively unaffected after mHWE.  
 The effects of the three dose rates on the willow biomass after mHWE and 1% NaOH 
extraction also varied. For the mHWE samples, the three dose rates all experienced similar trends 
in the effect of irradiation dose on the biomass, with only the degree of the effect varying 
between the three dose rates. For both irradiation alone and mHWE, the intermediate dose rate 
had the largest effect on the peak temperature of the cellulose peak in TGA which, due to the 
sharpness of the peak, was believed to be caused by decreased crystallinity of the cellulose after 
irradiation. The intermediate dose rate was also shown to have the largest impact on the percent 
mass loss after mHWE, suggesting that the intermediate dose rate has the biggest impact on the 
solubility of hemicellulose and the crystallinity of cellulose  after mHWE. The 1% NaOH 
extractions, on the other hand, had different effects for the three dose rates, contrary to the 
second hypothesis. For the low and intermediate dose rates, the percent composition and the 
cellulose peak temperatures, varied with increasing dose, whereas they both remained fairly 
constant for the highest dose rate. In fact, the cellulose peak appeared to split into multiple 
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distinct cellulose peaks that were believed to be the result of the varying the degrees of 
crystallinity of cellulose for the low and intermediate dose rates. Similar to the findings after 
irradiation and mHWE, the intermediate dose rate appeared to have the greatest impact on 
cellulose crystallinity after 1% NaOH. However, the lowest dose rate had more distinct cellulose 
peaks than the intermediate dose rate, including a peak that appeared at a lower temperature than 
was seen for the intermediate dose rate. This suggests that the impact of dose rate on cellulose 
crystallinity is different for the two dose rates. Additionally, the lowest dose rate, rather than the 
intermediate as seen after mHWE, was observed to have the highest percent mass loss after 1% 
NaOH extraction, suggesting that the effect of the dose rates on the solubility of the biomass also 
varies. A summary of the effects on peak temperature the three pretreatment methods had 
compared to an untreated willow sample for the three dose rates can be seen in Table 7.2. 
 
Table 7. 2: Chart summarizing the effect of irradiation, mild hot water extraction (mHWE), and 
1% NaOH extraction has on peak temperature as measured by TGA. Each box indicates the 
change in peak temperature compared to the control, or untreated sample. Arrow (↓) indicated 
direction of peak temperature shift. Dose rates are high (H) at 50 kGy/second, medium (M) at 0.1 
kGy/second, and low (L) at 0.695 kGy/hour.  
Peak 
Temperature 
Irradiation mHWE NaOH 
H M L H M L H M L 








↑ No Peak No Peak No Peak 








↓ 2 Peaks 2 Peaks 3 Peaks 








↑ 2 Peaks 2 Peaks 2 Peaks 
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Enzymatic Hydrolysis  
 Since the ultimate goal for the use of irradiated willow biomass is for the use of biofuel 
production, the effect of dose rate on the ability of cellulase and hemicellulase enzymes to 
convert the polymers present in lignocellulosic biomass into their fermentable monomeric sugars 
was measured. Enzymatic hydrolyses were performed on the irradiated willow wood with 
cellulase and hemicellulase enzyme mixtures to convert the polysaccharides into their 
monomeric sugars. Preliminary experiments performed on pure xylan and cellulose at 50oC 
respectively showed that hemicellulases were able to effectively perform twenty degrees below 
the manufacturers’ suggested optimal temperature and that the hemicellulase enzyme mixture 
has some cellulase activity as well. An additional preliminary experiment on debarked maple 
with both the cellulase and hemicellulase enzyme mixtures showed that the presence of 
hemicellulases do not interfere with cellulase activity. Glucose, the monomeric sugar produced 
from the breakdown of cellulose via cellulase enzymes, was seen at every time point, including 0 
hours. For total irradiation doses 0-500 kGy, the amount of glucose from willow was constant, 
which contradicts previous studies performed on debarked woods during which the glucose 
concentration increased with increasing total dose. Due to the presence of bark in willow 
biomass compared to alternative lignocellulosic biomasses, it is believed that the bark is 
responsible for this behavior. Other studies have shown that the presence of bark can interfere 
with the cellulase activity, as the cellulases can sorb onto the bark rather than the cellulose and 
render the enzymes ineffective. Studies into the use of surfactants to coat the lignin prior to the 
addition of the enzymes can prevent the sorbtion of cellulases onto the lignin 57,58.  
 The three dose rates had different effects on the amount of glucose produced over time, 
as well as on the total percent conversion of cellulose to glucose. While percent conversion of 
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cellulose to glucose for the lowest dose rate continued to increase with increasing time, both the 
intermediate and high dose rates appeared to reach a plateau around 48 hours. However, the total 
percent conversion of glucose for the lowest dose rate, which was still increasing at the last time 
point, was higher than the percent conversion of glucose for both the intermediate and high dose 
rates at time 48 hours, when the plateau of glucose conversion was reached. This suggests that 
there is not a maximum percent glucose conversion amount that accounts for this plateau, but 
rather a rate of conversion that may vary with the degree of polymerization and crystallinity of 
cellulose. The percent glucose conversion at time 96 hours was 25.0%, 20.3%, and 15.3% for the 
low, intermediate, and high dose rates respectively. The lowest dose rate fell within the high end 
of the expected values for percent conversion of glucose based on literature studies for other 
debarked woods. In contrast, the percent glucose conversion fell towards the low end and below 
these expected values for the intermediate and high dose rates respectively. The highest total 
doses (750 and 1000 kGy) which were unique to the lowest dose rate, had the largest percent 
glucose conversions overall. If these total irradiation doses are excluded and just doses 0-500 
kGy are compared for the three dose rates, then the intermediate dose rate appeared to have a 
higher percent glucose conversion on average, though the differences between the intermediate 
and lowest dose rates were minor. Due to the variability of the data, it is difficult to distinguish 
clearly between the amounts of glucose produced from the lowest dose rate and intermediate 
dose rates. However, the highest dose rate conclusively produced the least glucose and the 
highest total irradiation doses (750 and 1000 kGy) produced the most glucose.  
 Xylose was also successfully produced during enzymatic hydrolysis, though the total 
amount of xylose produced was lower than the amount of glucose produced at all time points and 
total irradiation doses. Xylose was only seen at 0 hours for the two highest total doses, 750 and 
 127 
1000 kGy, whereas glucose was observed at 0 hours for all total doses including the control. 
Unlike glucose, xylose was seen to increase with increasing total dose for all three dose rates, 
suggesting that the effect of bark on cellulases does not occur for hemicellulases. The effect of 
time on xylose conversion was less clear than the effect on glucose, though the xylose 
conversion did appear to plateau after 48 hours, possibly after 24 hours, for total doses 0-500 
kGy for all three dose rates much like glucose. In contrast, the amount of xylose produced for the 
total doses 750 and 1000 kGy appeared to increase through the 72 hour experiment. The amount 
of xylose produced was below the literature values for debarked poplar, which actually reported 
a higher percent conversion for xylose than for glucose. In fact, the percent conversion of xylose 
from debarked poplar for the control was higher than even the highest percent conversion of 
xylose found within this study. Due to the high variability of the samples, determining the dose 
rate that produced the most xylose was impossible to say with confidence. However, the amount 
of xylose produced appears to increase from highest to lowest dose rate.  
Simultaneous Saccharification and Fermentation 
 Finally, a simultaneous saccharification and fermentation reaction was performed 
to produce ethanol from irradiated willow biomass. The ethanol is produced from the conversion 
of glucose released from enzymatic hydrolysis into ethanol via a yeast (S. cerevisiae). Glucose 
was only observed at time 0, and ethanol production was observed throughout the 72 hour 
experiment from time 24 hours onwards. The presence of ethanol and lack of glucose after time 
24 hours shows the glucose is consumed as soon as it is produced. The amount of ethanol 
produced increases over time for the low dose rate. The intermediate dose rate appeared to have 
a temporary plateau with little change in ethanol production between times 24-48 hours. 
However, the ethanol did increase again from 48-72 hours. The highest dose rate appeared to 
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reach a plateau after 24 hours in ethanol production. Overall, the amount of ethanol produced per 
total irradiation dose appears to be constant, following the observed glucose production trend 
during enzymatic hydrolysis.  
 
Dose Rate Effects 
 
The ultimate goal of this study was to determine the effect of irradiation dose rate on the 
ability to convert willow into useful bioproducts. Unfortunately, due variability in the data, it 
was at times difficult to draw firm conclusions. However, it did appear that the dose rates 
affected different parts of the biomass in distinct ways. The initial hypothesis was that the lowest 
dose rate would have the largest impact on the willow biomass. For xylose production during 
enzymatic hydrolysis with hemicellulase this did not appear to be the case. Instead the lowest 
dose rate produced the least amount of xylose, and it was the highest dose rate that actually 
produced the most xylose. However, the highest dose rate did not produce the most glucose 
during cellulase enzymatic hydrolysis. The highest dose rate appeared to produce the lowest 
amount of glucose, while the lowest dose rate appeared to produce the highest amount of 
glucose. The intermediate and lowest dose rates were very similar in the amount of ethanol 
produced. However, the intermediate dose rate did appear to have the greatest effect on the 
decrystallization of the cellulose among the three dose rates, as was seen by the peak cellulose 
temperature observed by TGA. The intermediate dose rate also led to the highest percent mass 
loss after mHWE, which was very close to the percent mass loss for the lowest dose rate 
observed after 1% NaOH extraction. Overall, the two highest total irradiation doses (750 and 
1000 kGy) had the largest effects for all parameters measured and, at times, appeared to perhaps 
be breaking the trend observed for the total doses 0-500 kGy for the same dose rate. However, 
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these two total doses (750 and 1000 kGy) were only available for one dose rate (the lowest – 
0.695 kGy/hour) and, thus, whether the total dose or dose rate is responsible for this effect is 
unknown. Overall this study found that the dose rate of irradiation likely has an effect on the 
degree of willow degradation. Table 7.3 summarizes the dose rate that had the largest effect for 
six separate treatments investigated within this study. However, these differences were minor, 
and for industrial production of ethanol differences due to dose rate appear to be relatively 
insignificant.  
 
Table 7. 3: Chart summarizing the dose rate that has the largest effect for six measured 
parameters. Dose rates are high (H) at 50 kGy/second, medium (M) at 0.1 kGy/second, and low 
(L) at 0.695 kGy/hour. Percent mass loss was determined after mild hot water (mHWE) or 1% 
NaOH (NaOH) extractions. If more than one dose rate is indicated, the results were too similar to 
distinguish.  
Measured Effect Dose Rate 
Percent Mass Loss mHWE M 
NaOH L 




Percent Conversion into Glucose 500 kGy at 72 hours M/L 
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Nuclear and Radiation · Atmospheric · Biological · Practical HPLC  
 Other: Lignocellulosic Biomass · Toxicology Health Hazards · Limnology 
Teaching Assistant:   Instrumental Laboratory · General Chemistry Laboratory 
  Prepare laboratory reagents, run instrumental standards, oversee laboratory with up to ~40  
  students, grade all lab reports, and proctor exams 
  
CONNECTICUT COLLEGE, New London, CT       BA May 2015 
Major:  Environmental Chemistry                        Overall GPA 3.503 
Honors Thesis:  Personal Care Product Chemicals in the Environment and Water Systems 
Key Courses: Chemistry: Environmental ·  Instrumental Methods · Organic · Spectroscopic Methods · 
Inorganic · Advanced General · Thermodynamic · Biological · Advanced Organic Synthesis 
· Analytical Chemistry 
 Other: Environmental Studies as a Natural Science · Ecology · Hydrology 
Selected Scholar:   Goodwin-Niering Center for the Environment Certificate May 2015 
 Seminar courses, conference participation and a summer internship  
 based on a proposed senior thesis and presentation  
RESEARCH EXPERIENCE  
Research Project Assistant, SUNY ESF 
USDA McIntire Stennis Project  Summer 2017- Summer 2019 
Masters Thesis: Irradiation of shrub willow for ethanol production 
 • Designed experimental procedures 
 • Performed  Enzymatic Hydrolysis, Simultaneous Saccharification and Fermentation, and 
wood component analyses using water and alkali extractions 
 • Performed and analyzed Nuclear Magnetic Resonance (NMR) data 
 •  Performed and analyzed Thermogravimetric Analysis (TGA) data 
 • Presented results at International Conference of Ionizing Processes (ICIP) 2018 in poster 
format 
 • Presented results at SUNY ESF 2019 in Capstone presentation format 
 
Individual Research, Connecticut College   
Honors Thesis: Lifecycle of chemical pollution in the environment Spring 2014- Spring 2015 
 • Conducted literature review during independent study (Spring 2014) 
 • Used data collected during summer 2014 internship at EPA  
 • Synthesize information into final honors project (Fall 2014-Spring 2015) 
 •  Summarize and present research (Spring 2015) 
 
WORK EXPERIENCE  
US Environmental Protection Agency, Washington, DC Summer 2014 
Student Intern  
 Endocrine Disruptor Screening Program   
 • Contributed to two on-going long-term projects; completed administrative tasks 
  Lisa Paulsen 140 
• Generated a spreadsheet representing the categorization of tested chemicals from 14   
 different Assay Papers 
 • Synthesized spreadsheet data from departments throughout the EPA to support the         
  Integrated Risk Information System (IRIS) Project to streamline agency efforts 
 Office of Pesticide Programs 
• Initiated a similarity comparison of functional features for chemical structures 
 •  Analyzed and compared substructure vs. similarity searches for the structures of pesticide 
chemical using LICSS (Excel plugin) 
 • Examined online chemical databases for incomplete data, after data cleansing 
 • Used CAS numbers and SMILES data to determine physical  
  properties and structure 
 
Teaching Assistant,  SUNY ESF  
Instrumental Laboratory & General Chemistry Laboratory Fall & Spring 2015-2019 
 • Prepare laboratory reagents  
• Run instrumental standards 
 •  Taught NMR, GC MS, GC FID, and IR procedures and data analysis 
• Oversaw use of ICP AES, ICP MS, and mercury analyzer 
 •  Graded all homeworks and lab reports 
• Oversaw lab with up to ~40 students 
 •  Provided prelab and safety lectures 
 
Organic Chemistry Sessions for Science Leaders, Connecticut College Fall  & Spring 2013-2015 
Tutor • Develop problem sets collaboratively 
 •  Led and hosted sessions for primarily first generation college students  
SKILLS  
Instrumental: Nuclear Magnetic Resonance (NMR) · Thermogravimetric Analysis (TGA) · Gas 
Chromatography (GC) Mass Spectrometry (MS) & Flame Ionization Detector (FID) ·  
Inductively Coupled Plasma (ICP) Atomic Emissions Spectroscopy (AES) & Mass 
Spectrometry (MS) · Infrared Spectroscopy · Mercury Analyzer  
Lab Techniques:   Enzymatic Hydrolysis · Simultaneous Saccharification and Fermentation · Technical 
Association of the Pulp and Paper Industry (TAPPI) official test method TAPPI 212 om-93 · 
Autoclave Sterilization · Micropipette · Titration · Buchner Vacuum Funnel · MEL Temp · 
Thin Layer Chromatography · Column Chromatography · Distillation · Recrystallization· 
Designed Synthesis of Hydrated Crystals · Extraction ·Separation and Purification ·  
Field Work: Multimeter Probe (pH, DO, turbidity, conductivity · Water sampling  
 
REFERENCES             
Mark Driscoll, Ph.D.  
Professor of Chemistry, SUNY ESF 
1 Forestry Dr. Syracuse, NY 13210, United States of America 
mdriscol@esf.edu 
 
Arthur Stipanovic, Ph.D. Polymer Chemistry 
Professor of Chemistry, SUNY ESF 
1 Forestry Dr. Syracuse, NY 13210, United States of America 
astipano@esf.edu 
 
David Kiemle, MS  
Director of Analytical and Technical Services, SUNY ESF 
1 Forestry Dr. Syracuse, NY 13210, United States of America 
dkiemle@esf.edu 
